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Voorwoord 
Na mijn studie Technische Natuurkunde aan de Technische Universiteit Eindhoven 
stond het voor mij vast dat mijn afstudeerwerk een vervolg moest krijgen in de 
vorm van een promotieonderzoek. Toen ik de kans kreeg om onderzoek naar de 
snelle modulatie van laser diodes te gaan doen aan de Katholieke Universiteit 
Nijmegen was de beslissing dan ook snel genomen. De elektrische metingen aan 
halfgeleiderpreparaten verruilde ik voor optische experimenten aan halfgeleider-
componenten, waarbij de drijfveer verschoof van fundamentele interesse naar het 
doen van toegepast onderzoek.  
Gedurende vijf jaar heb ik met zeer veel plezier gewerkt op de afdeling 
experimentele vaste stoffysica 2 onder leiding van Theo Rasing en op het 
Laboratorium voor Hoge Magneetvelden, waar ik in het optisch lab de meeste 
experimenten heb uitgevoerd. In deze periode heb ik gevonden wat ik van het 
promotieonderzoek verwachtte: boeiende experimenten, de vrijheid om het 
onderzoek zelf vorm te geven, de enorme intellectuele uitdaging en de ongekende 
beproeving. Met name dit laatste aspect is karakteristiek voor het afgelopen jaar, 
waarin ik naast mijn werkzaamheden voor KPN Research dit proefschrift heb 
afgemaakt. 
In dit voorwoord wil ik graag de mensen bedanken zonder wie mijn proefschrift 
niet tot stand was gekomen. Peter Christianen heeft mij op stimulerende wijze 
begeleid en ingewijd in de halfgeleideroptica en de optische korte puls technieken, 
waarbij hij mij met succes uitdaagde de signaalopbrengst tot het uiterste te 
optimaliseren. Jan Kees Maan wist door zijn belangstelling voor mijn experimenten 
en door prikkelende discussies bij tijd en wijlen mijn motivatie weer een impuls te 
geven. Albert van Etteger wil ik bedanken voor zijn hulp bij het uitlijnen van de af 
en toe onwillige laser systemen en voor het beroep dat ik altijd op hem kon doen als 
ik weer eens optisch component tekort kwam. Ook de samenwerking met 
Technische Universiteit Eindhoven is waardevol geweest. Via Theo van de Roer 
kon ik de halfgeleider optische versterkers van Philips Optoelectronics Research 
verkrijgen, terwijl deze door Barry Smalbrugge met veel zorg werden gemonteerd. 
Daarnaast wil ik natuurlijk al mijn collegas van het magnetenlab en de 
afdelingen experimentele vaste stoffysica 1 en 2 bedanken voor de prettige sfeer en 
de leuke tijd. Terugkijkend, heeft met name de verscheidenheid aan culturen mijn 
jaren in Nijmegen bijzonder gemaakt. Mijn interesse voor Italië is door Fausto 
Piazza, Fabio Pullizi en Cecilia Possanzini blijvend gewekt. I would like to thank 
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Anthony Keen, Aidan Quinn, Sophie Renard and Florian Bentivegna for 
introducing the French card game Tarot and for spending numerous evenings 
playing this exciting game and enjoying French wines. Het vrijdagmiddagvoetbal, 
waarin ik over meerdere seizoenen de kunst heb proberen af te kijken van Benno 
Tieke, Marius Boamfa en Freddy Manders, vormde voor mij de juiste uitlaatklep 
aan het einde van de week. Maar daarnaast kon ik ook terecht bij Marc Boonman 
en mijn kamergenoot Eric van der Horst voor een luisterend oor. Urs Wyder en Ate 
van Steenbergen, die mij op het spoor van KPN Research heeft gezet, waren fijne 
disgenoten tijdens de bezoeken aan respectievelijk de mensa en de Harmonie. Als 
laatste in dit rijtje noem ik mijn kamergenoot Sjoerd Lok, met hem heb ik menig 
succes en frustratie kunnen delen en daardoor ook weer kunnen relativeren. 
Meer recent hebben mijn collegas bij KPN Research en in het bijzonder Jeroen 
de Muijnck door bijna dagelijks te informeren naar de status van mijn proefschrift 
er mede voor gezorgd dat het vuur al die tijd brandende is gebleven. 
Tenslotte bedank ik pap en mam voor hun geduld en het in mij gestelde 
vertrouwen. Maar vooral voor Esther zal de opluchting groot zijn dat het boekje nu 
eindelijk klaar is. Esther, dankzij jouw liefde en steun heb ik de boel af kunnen 
ronden. 
 
 
Alexander de Boer 
Leiden, april 2002 
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Chapter 1   
Introduction 
The urge and ability to communicate appears so natural to people that they hardly 
realize that communication is one of the most valuable assets to mankind. 
Communications or sharing information of any kind is the decisive factor for 
making progress in every respect, reaching from enriched interpersonal relations to 
advances in science.  
In ancient times spoken word was the main communication aid, air the 
principle transmission medium and the span of communications was limited to a 
few meters. During the dawn of modern times people discovered the telegraph for 
sending messages, copper cables were used for transmission and the communication 
reach stretched to tens of kilometers. Nowadays cellular phones and computers are 
a commodity, the transmission infrastructure is based on optical fibers and people 
can reach each other across the globe. 
With the rise of the Internet and interconnected computer networks the need 
and the means to communicate are still growing. In parallel the nature of 
communications has rapidly shifted from analog speech to binary coded data. 
Whereas the bandwidth for a phone call is rather low (64 Kbit/s), the required 
bandwidth for a high-end video transmission is at least 2 Mbit/s. Consequently, the 
demand for transmission capacity is high and will continue to increase in the future. 
In this thesis some of the aspects of ultrafast modulation of optical signals will be 
addressed, in particular the possible use of the ultrafast carrier relaxation to 
increase the modulation speed of semiconductor lasers. The development of high 
bit rate optical sources is essential in order to keep pace with the growing need for 
bandwidth. 
1.1 Optical communications 
The massive use and the importance of communications in the world of today can 
directly be related to the recent progress made in fiber-optic communications 
technology. Traditionally, the application of transmission systems is limited in both 
distance and capacity. The use of optical fibers has overcome these two constraints. 
First, the low optical loss of fiber around the 1.3 μm and 1.55 μm wavelength 
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regions allows a very large spacing of repeater systems. Second, the broad 
bandwidth that optical fiber can accommodate and the high frequency of light as 
information carrier are ideal for high capacity transmission systems. In addition to 
economic advantages like small size and weight of optical fiber cables, these two 
benefits have lead to a very cost effective worldwide deployment of optical 
transmission systems. The dramatic increase of the transmission capacity due to the 
introduction of fiber optics is illustrated in figure 1.1. 
1.1.1 Optical fiber 
In 1966 Kao and Hockham discussed the use of a cladded glass fiber as a single 
mode dielectric waveguide and predicted a target loss of 20 dB/km, which was 
generally considered as the maximum acceptable value for practical application in 
optical communications [1]. At that time the typical loss for optical fiber was in the 
order of 100010000 dB/km. This publication marked the starting point of intensive 
research on optical fibers, which mainly focused on finding a suitable method for 
the fabrication of high purity cladded silica fibers [2]. These efforts lead in 1970 to a 
demonstration of optical fiber with an attenuation of 16 dB/km [3], therefore 
breaking the target set by Kao and Hockham. Following experimental work showed 
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Figure 1.1: The development of transmission systems over the last 150 years; 
bandwidth trends for copper-based and fiber optic systems. (VC = Voice 
Channel, DWDM = Dense Wavelength Division Multiplexing, see section 1.1.2) 
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that the minimum loss (0.15 dB/km) occurs at 1.55 μm, where it is only limited by 
fundamental Rayleigh scattering [4]. At present, state of the art commercial optical 
fibers achieve minimum losses of 0.2 dB/km in the 1.55 μm wavelength region, 
which means that light can travel 15 km before losing half of its signal intensity. 
Recently, optical fibers have been produced without the hydroxyl (OH) absorption 
peak at 1.4 μm [5]. Therefore, the entire optical spectrum between 1.3 μm and 
1.6 μm can be used, which implies that such a fiber can support up to 50 THz of 
bandwidth indicating a potential transmission capacity of 50 Tbit/s. 
Although the work on optical fibers progressed at a rapid pace, it took until the 
early 1980s before the first commercial optical communication system was deployed. 
Apart from optical fiber, also suitable laser sources with a high stability and lifetime 
had to be developed. The promise of optical communications appeared an 
important driver for the advancement of semiconductor lasers, which is discussed in 
the next section. 
1.1.2 The laser diode 
After the invention of the semiconductor laser in 1962 and the first continuous wave 
operation at room temperature in 1970 [6], it became clear that due to its small size 
and high efficiency, semiconductor lasers are the ideal light sources for optical 
communications. During the initial stage of their development, semiconductor 
lasers were based on the ternary AlxGa1-xAs system, which has excellent material 
properties for building optical devices. GaAs has a direct bandgap with an efficient 
light-emitting characteristic. Moreover, the small lattice mismatch between AlAs and 
GaAS allows virtually defect-free fabrication of double heterostructure lasers using 
epitaxial growth techniques. 
A double heterostructure consists of a GaAs active layer, which is sandwiched 
between an n-doped and a p-doped AlGaAs cladding layer (see figure 1.2). This 
design has two important consequences. First, due to the bandgap difference 
between the AlGaAs and GaAs layers, injected electrons and holes are confined in 
the active GaAs layer. If the bias current is sufficiently raised, a state of population 
inversion is created in the active layer, which is a necessary condition for stimulated 
emission. Second, due to the difference in refractive index, the double 
heterostructure acts as a dielectric waveguide. In this way light is mainly 
concentrated in the active GaAs layer, where it overlaps with the population 
inversion. The simultaneous confinement of carriers and photons is important for 
obtaining favorable device characteristics like a low threshold current density. 
Optical feedback, another necessary condition for lasing action, is provided by the 
cleavage planes perpendicular to the waveguide, which act as partially transparent 
mirrors. AlGaAs based semiconductor lasers emit in the near infrared (0.85 μm). 
They have found application in the early optical communication systems and today 
they are still used in almost every compact-disc player. 
Introduction 
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Soon after the first demonstration of the heterostructure AlGaAs laser, it was 
recognized that IIIV semiconductors could be used to make lattice-matched 
quaternary compounds with a bandgap varying in a quite large energy range. By 
choosing the proper mole fractions the bandgap, and therefore the emitted 
wavelength, can be tailored independent of the lattice constant [7]. Especially the 
development of optical fiber with a very low loss in the 1.3 μm and 1.55 μm 
wavelength regions stimulated research on semiconductor lasers based on the 
quaternary In1-xGaxAsyP1-x material system. If InGaAsP is grown lattice-matched to 
InP substrates, it covers at room temperature a wavelength range of 0.921.65 μm. 
However, it took until 1977 for the first continuous wave InGaAsP laser operating at 
1.3 μm was reported [8], which was followed two years later with the extension of 
the operating wavelength to 1.55 μm [9].  
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Figure 1.2: In a double heterostructure both the carriers and the optical mode are 
confined. The top graph shows the energy band diagram under forward biased 
conditions. The electrically injected electrons and holes are confined in the active 
layer. The confinement of the optical mode due to the step in refractive index (middle 
graph) is shown in the bottom graph. 
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In the following years semiconductor laser research mainly focused on 
optimizing device characteristics, performance and lifetime [10]. A successful path in 
reducing the threshold current density was the introduction of lasers of lower 
dimensionality like quantum well (2D), quantum wire (1D) and quantum dot (0D) 
lasers [6]. Growing these structures requires control of the crystal deposition with 
atomic accuracy, which is feasible by sophisticated growth techniques like molecular 
beam epitaxy. At present, important trends in semiconductor laser research are the 
work on blue lasers based on IIIV nitrides [11] or IIVI selenides, mid-infrared 
lasers like the quantum cascade laser [12], and monolithic tunable wavelength lasers 
[13]. 
For optical communications the development of the distributed feedback laser 
(DFB) was an important step forward [14]. In conventional lasers the output 
wavelength is hard to control, because the resonant cavity (formed by the waveguide 
and the semi-transparent cleavage planes) supports multiple longitudinal Fabry
Pèrot modes. The mode closest to the peak optical gain is normally the 
predominant mode. However, a substantial fraction of the total intensity is still 
contained in the side modes. In optical communication systems it is crucial to have 
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Figure 1.3: The mode spectrum of a red FabryPèrot laser. In panel (A) the 
laser diode is biased just below threshold (85%), while in panel (B) it is biased 
just above threshold (105%). The intensities in panel (A) and (B) are scaled 
differently for clarity. 
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all optical power at a single well-defined wavelength. For illustration the mode 
spectrum of a FabryPèrot laser biased below threshold is shown in figure 1.3 panel 
(A). The envelop of the mode pattern is a good representation of the optical gain for 
that given bias current. Panel (B) shows the spectrum of the same laser biased above 
threshold. Next to the predominant mode, the side modes are visible. 
DFB lasers are grown with a periodical corrugation in the cladding layer over 
the full length of the waveguide. This internal Bragg grating provides a wavelength 
selective feedback. Therefore the laser output wavelength is directly related to the 
grating period. With DFB lasers, transmission systems that make use of the dense 
wavelength division multiplexing (DWDM) modulation scheme could be realized 
(see figure 1.4). A DWDM system consists of an array of DFB lasers that emit at 
closely spaced wavelengths. Each wavelength carries its own information channel. 
Modern commercial DWDM systems have up to 80 light channels in the 1.55 μm 
wavelength region. The small channel spacing, which is typically 100 GHz (~1 nm), 
requires very stable laser operation for error free transmission. Each channel is 
operated at a bit rate of 2.5 (80 channels) or 10 Gbit/s (40 channels), yielding a total 
transmission capacity of 400 Gbit/s. In the laboratory researchers try to further 
increase both the bit rate per channel and the number of channels. These efforts 
have resulted in a breakthrough of the terabit barrier. For example, in a recent 
experiment data transmission at a bit rate of 3.2 Tbit/s over 1500 km of fiber was 
demonstrated [15]. 
1.1.3 Optical signal processing 
As is shown in figure 1.4, a communication system consists of more building blocks 
than just optical fiber and semiconductor lasers. Obviously, fast optical receivers are 
indispensable elements, but a wide variety of other components have been 
.
01011101
optic fiberDFB 
Lasers
10011111
10110100
multiplexer demux
λ1
λ2
λ3
λ4
λn
modulator detector
..
...
 
Figure 1.4: Typical layout for a high capacity dense wavelength division 
multiplexing (DWDM) system. 
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developed that are required to process optical signals going from source to 
destination. In order to deal with terabit speeds, all signal processing should take 
place in the optical domain without entering the electrical domain. The key 
components include all-optical multiplexers/demultiplexers, modulators, optical 
switches, optical amplifiers, and optical wavelength converters [16]. A detailed 
description of these systems and devices goes beyond the scope of this chapter. 
However, we will pay some attention to semiconductor optical amplifiers, since 
these devices are used in the investigations presented in this thesis. 
Optical amplifiers, which can boost optical signals independent of the signal 
format (i.e. bit rate, coding scheme), are the crucial elements in repeater systems 
used for long-haul data transmission. The early work on optical amplifiers started 
with semiconductor laser diodes. By applying anti-reflectivity coatings to the laser 
diode facets, optical feedback and lasing are effectively suppressed. Therefore, if the 
device is operated at high gain, it can be used as a traveling wave amplifier for 
external laser sources. Semiconductor optical amplifiers (SOAs) have good 
characteristics like broad bandwidth and small size, but they suffer from a few 
difficulties like coupling losses, signal distortion and cross talk.  
The real success of optical amplifiers came however with the invention of the 
erbium doped fiber amplifier (EDFA) in 1987 [17]. An EDFA consists of a few tens 
of meters of optical fiber that is doped with rare earth erbium ions. If this fiber is 
optically pumped, for example with a fiber coupled laser diode, it acts as an efficient 
amplifier. Despite its limited working range (1.55 μm), EDFAs have superior 
characteristics with respect to SOAs for amplification purposes [18]. For lack of 
suitable fiber amplifiers in the 1.3 μm wavelength region, SOAs have found some 
application in repeater systems. However, by exploiting their nonlinear behavior, 
SOAs can be used for novel all-optical techniques like wavelength conversion and 
cross phase modulation switching (see chapter 6).  
1.2 Scope of the thesis 
1.2.1 Carrier dynamics 
Owing to their technological relevance and potential, semiconductor optical devices 
are intensively being studied throughout the world. The area of research ranges 
roughly from technology driven studies of the optimal crystal layer design to more 
fundamental work on the behavior of the charge carriers in the device. Ultimately, 
the optical characteristics of semiconductor lasers are defined by the dynamic 
interactions of the photons, phonons, electrons and holes in the active layer. As a 
consequence, the work on understanding and improving the performance of 
semiconductor optical devices should start from there.  
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In a semiconductor the electron and hole energy bands are populated 
according to FermiDirac statistics, such that for a given carrier density the carrier 
distributions are characterized by a quasi-Fermi level and an effective temperature. 
Spontaneous emission, stimulated emission and thus optical gain are directly 
connected to these properties of the carrier populations. To illustrate this: In the 
DWDM system shown in figure 1.4 the continuous wave DFB lasers are modulated 
with external modulators. However, a semiconductor laser can also be directly 
modulated, which in practice is done by controlling the drive current. The 
modulation of the drive current leads at a microscopic level to alterations of the 
carrier distributions; the modulation of primarily the carrier density results in turn 
in a modulation of the optical gain and therefore of the laser output intensity.  
If the modulation response of the semiconductor laser is strongly related to the 
microscopic properties of the carriers, an important question arises from a 
technological perspective. What modulation speed can be achieved? The answer lies 
in the typical timescales involved in the complex carrier recombination and 
relaxation processes in the device. Since the carrier temperature relaxation time 
(~1 ps) is intrinsically shorter than the carrier lifetime (~1 ns), it is expected that 
the response of the laser diode optical output to modulation of the carrier 
temperature will be faster than its response to carrier density modulation. Utilizing 
this idea, picosecond operation of a laser diode may become within reach [19].  
The goal of this work is to explore the possibilities and limitations of the use of 
fast carrier temperature related dynamics to increase the modulation speed of laser 
diodes. Directly modulated picosecond laser diodes might become the key 
components in future high capacity optical communication systems. 
1.2.2 Optical spectroscopy 
Optical spectroscopy has a long tradition in semiconductor research, since the 
emission spectra reveal many of the properties of the carrier distributions in 
semiconductors. In particular, the carrier density and the carrier effective 
temperature can be determined from the line shape of spontaneous emission 
spectra. With the introduction of sub-picosecond laser systems optical spectroscopy 
has become ultrafast. Ultrashort laser pulses allow researchers to trigger ultrafast 
processes. At the same time fast optical detection techniques have been developed to 
measure the induced phenomena with sub-picosecond time resolution. 
In this thesis, a detailed experimental investigation of the carrier dynamics 
within the active layer of an SOA and in particular of the changes in the carrier 
energy distribution due to the intracavity optical fields is presented. For these 
experiments the photoluminescence up-conversion scheme [20] is adapted in order 
to probe the amplified spontaneous emission spectra of the SOA with picosecond 
time resolution. By injecting ultrashort optical laser pulses into the waveguide of the 
SOA, changes in the carrier energy distribution are induced which are similar to 
 1.2 Scope of the thesis 
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those in real laser devices due to the intracavity optical fields. Hence, this method 
can be considered as a model experiment for device studies under real laser 
operation. The carrier dynamics in the active layer is untangled by a line shape 
analysis of the time-resolved amplified spontaneous emission spectra. 
1.2.3 Outline of the thesis 
This thesis is organized as follows. Chapter 2 provides the necessary theoretical 
background for understanding spontaneous emission, stimulated emission and 
optical gain in semiconductors. In this chapter the expressions are derived that are 
used for the interpretation of the experimental emission and gain spectra.  
The experimental arrangements and techniques are presented in chapter 3. 
After a discussion on the semiconductor optical amplifier and the excitation 
method, this chapter continues with a description of the fast optical detection 
techniques and the experimental setups that are used for the time-resolved 
measurement of the emission and gain spectra. 
In the experiments that are presented in chapter 4 a tunable continuous wave 
laser is used to probe the spectral response of an SOA under steady state operation. 
These measurements reveal intrinsic properties of the SOA, such as the gain profile 
and the dependence on optical confinement factor. It is demonstrated that in the 
steady state the amplifier saturates homogeneously, meaning that no nonlinear 
effects like carrier heating or spectral hole burning contribute to the saturation of 
the amplifier. 
Time-resolved measurements of the amplified spontaneous emission spectra of 
the SOA are presented in chapter 5. These emission spectra show a strong and fast 
(~1 ps) response to disturbances with picosecond excitation pulses, which 
demonstrates that the carrier dynamics in the SOA take place on a picosecond 
timescale. These observations are conclusively described by effective temperature 
dynamics stemming from carrier density depletion. The changes in effective 
temperature and carrier density are retrieved using a line shape analysis based on a 
theoretical model. 
Finally, in chapter 6 we present time-resolved gain cross talk experiments, in 
which the response of the amplifier gain to ultrashort optical pulses is probed by a 
continuous wave laser. Since the gain dynamics are directly measured, absolute 
values of the optical pulse induced gain changes are obtained. The optical pulses 
induce a very strong (700 cm-1) and fast (~1 ps) collapse of the gain in a broad 
energy range. It is shown that in this dynamic regime carrier heating is the main 
origin of nonlinear gain saturation. A practical application of the interactions of the 
optical fields and the carriers inside the SOA is optical wavelength conversion, 
which is important for all-optical signal processing. Exploiting the gain cross talk in 
the amplifier, optical pulses can code information onto the continuous wave laser 
signal. 
Introduction 
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Chapter 2  
Principles of the optical transitions in 
semiconductor optical devices 
Spontaneous emission spectra are a valuable source of information on the intrinsic 
properties of the carrier distributions in semiconductor laser diodes and amplifiers. 
This chapter will provide the theoretical insight that is necessary to interpret the 
experimental emission spectra discussed in chapters 4 and 5. The expressions for 
the absorption and emission rates are derived in section 2.1. In section 2.2, we 
discuss the line shape analysis, which is used to extract properties like carrier 
density and effective carrier temperature from these spectra. Finally, in section 2.3 
the rate equations that describe the dynamic behavior of the carriers are presented. 
2.1 Absorption and emission rates 
Spontaneous emission, optical absorption and stimulated emission are the principal 
phenomena that arise from the interaction of light with matter. In a semiconductor 
these processes are associated with the recombination and excitation of electrons in 
the conduction band and holes in the valence band. In 1917 Einstein derived two 
simple expressions that relate the rate of spontaneous emission, optical absorption 
and stimulated emission to each other, which are valid for the easy case of a discrete 
two-level system [1]. Later this result has been generalized for semiconductors, in 
which the available electrons and holes fill continuous bands of states [2]. The band 
structure for a direct band gap semiconductor (GaAs) is schematically shown in 
figure 2.1.  
In the following, we consider transitions between two discrete energy states in 
the conduction and valence band. By absorbing a photon, an electron can make a 
transition from a state with energy Ev in the valence band to a state with energy Ec 
in the conduction band, while leaving a hole in the valence band. The factors that 
determine the rate of this transition are easy to identify. First, the transition has a 
certain probability to occur, which is derived from an evaluation of the optical 
matrix element. Second, at a given temperature T, the electrons and holes are 
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distributed over the available states in their respective bands. According to Fermi
Dirac statistics, the occupation probability fc,v of an energy state Ec,v is given by  
 
1]/)exp[(
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TkFE
Ef
Bvcvc
vcvc , (2.1) 
where Fc,v is the quasi-Fermi level. And third, the transition rate is proportional to 
the density of photons of energy ħω = Ec  Ev, expressed as )( ωP h . Hence, the 
absorption rate is given by 
 )()1( ωPffBR cva h⋅−⋅⋅= , (2.2) 
where B is the transition probability. The Fermi factors in equation 2.2 express that 
absorption of a photon requires a filled electron state in the valence band and an 
empty state in the conduction band. Similarly the stimulated emission rate is given 
by 
 )()1( ωPffBR vcst h⋅−⋅⋅= . (2.3) 
It is a consequence of the Einstein relations that stimulated emission and absorption 
have an equal transition probability. The difference between absorption rate and 
stimulated emission rate is the net absorption rate, which is directly related to the 
absorption coefficient of the semiconductor medium. The absorption coefficient is 
defined as the net absorption rate divided by the photon flux. From equations 2.2 
and 2.3, it follows directly that the absorption coefficient is given by  
 )(1)( cv
g
ff
v
Bωα −⋅⋅=h , (2.4) 
where is used that the photon flux equals the photon density )( ωP h  times the group 
velocity vg. By definition, a negative absorption coefficient is called the gain 
coefficient )()( ωαωG hh −= . 
In the system, net stimulated emission or optical gain is accomplished provided 
that the stimulated emission rate exceeds the absorption rate, i.e., Rst > Ra. Using 
equations 2.2 and 2.3, and the occupation probability defined in equation 2.1, it is 
easily shown that the condition for optical gain is defined by 
 vcvc EEFF −>− . (2.5) 
This important expression states that the quasi-Fermi level separation must exceed 
the photon energy in order to have optical gain or net stimulated emission. A 
photon with an energy that equals the quasi-Fermi level separation experiences 
neither absorption nor gain, which is called the transparency condition. 
In absence of the radiation field, electrons and holes can also recombine 
spontaneously. The transition probability A for this process is related to the 
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transition probability for absorption and stimulated emission by the Einstein 
relation 
 B
ch
ωnπ
A ⋅= 33
23 )(8 h
, (2.6) 
where n  is the refractive index, h Plancks constant, and c the velocity of light in 
vacuum. Hence, the spontaneous emission rate is given by 
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It has to be noted that the spontaneous emission rate can be expressed in terms of 
the absorption coefficient by solving equation 2.4 for B, leading to 
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where ∆F is the quasi-Fermi level separation. For an accurate description of 
spontaneous emission spectra it is only necessary to determine the absorption 
coefficient as a function of energy. 
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Figure 2.1: Band structure diagram of a direct gap semiconductor, like (Al)GaAs. 
The shaded area shows the filled electron and hole states. An electron in the 
valence band is promoted to the conduction band by absorbing a photon. 
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Finally, the transition probability can be calculated using time dependent 
perturbation theory, which is treated in [3], [4]. The result is usually referred to as 
Fermis golden rule and can be expressed as 
 )(
)(
2
2
0
2
0
2
ωEEδM
ωnεm
eπ
B vcif h
h
h
−−⋅⋅= , (2.9) 
where e is the electron charge, m0 the free electron mass, ε0 the vacuum permittivity, 
and Mif the momentum matrix element. The δ-function appears to ensure energy 
conservation in the transition. Since the matrix element strongly depends on the 
wave functions of the initial and final electron states, the exact nature of the 
transition has to be known for an accurate calculation of the probability. 
2.2 Line shape analysis 
In this section the models are introduced that we have used to analyze the 
experimentally obtained amplified spontaneous emission spectra in chapters 4 
and 5. The spectral line shape of emission spectra reflects the intrinsic properties 
like carrier density and effective temperature of the carrier distributions. As a 
consequence of the Einstein relations, we can restrict the discussion to a derivation 
of the absorption or gain coefficient. 
We consider a bulk semiconductor with a direct band gap, as is shown in figure 
2.1. Close to the band edges, the dispersion or energy versus wave vector relation is 
to a good approximation assumed to be parabolic. Due to electrical pumping, the 
conduction and valence band are filled with electrons and holes, respectively. The 
carriers equilibrate within each band according to the FermiDirac distribution 
function. The carrier concentration at a given quasi-Fermi level and effective carrier 
temperature is obtained by evaluating 
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where n and p are the carrier concentration for electrons and holes, and ρc,v is the 
density of states in the conduction and valence band, respectively. Charge neutrality 
requires that the electron population equals the hole population. 
2.2.1 Modeling optical gain or absorption in semiconductors 
Equation 2.4 expresses the absorption coefficient in case of a transition between two 
discrete energy states. On the other hand, in a semiconductor the electrons and 
holes occupy continuous bands of states. In that case the absorption coefficient is 
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derived by integrating equation 2.4 over all occupied electron and hole states, which 
can be expressed as 
 )()]()([
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where equation 2.9 is used to eliminate B and vg is replaced by c / n . In evaluating 
the integral one should consider that during the radiative transition the momentum 
is conserved. Since the momentum that the photon carries is negligible in 
comparison to the carrier momentum, the electron and hole must have an identical 
wave vector. This is expressed with the k-selection rule, )( vc kkδ
rr
− , which means that 
the matrix element equals zero unless vc kk
rr
= . Applying strict k-selection and 
integrating equation 2.11 over all k-states leads to the following result:  
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where ρred is the reduced density of states, and Mav the energy-independent average 
matrix element for Bloch states [5]. The reduced mass energy of the electron and 
hole state is respectively given by 
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where mc and mv are the effective electron and hole masses, mr is the reduced mass 
(1/mr=1/mc+1/mv), and Eg the band gap energy. 
In applying this model to describe experimental gain and spontaneous emission 
spectra, various discrepancies in particular with respect to below band gap 
luminescence in GaAs has been recognized [6]. High carrier densities give rise to 
phenomena that are not included in the single particle recombination model 
(equation 2.12). Carriercarrier interactions are known to induce a change in the 
band structure, which becomes visible as a red shift of the emission spectrum as the 
carrier concentration increases. This effect is usually referred to as band gap 
renormalization [7]. Another feature is the occurrence of below band gap emission 
in undoped semiconductors. Carriers can change state by scattering with other 
carriers and phonons. As a consequence, the carrier stays a limited time in the same 
state, effectively leading to a broadening of the carrier states. This implies that the 
optical transition is broadened as well. As a result, the spontaneous emission 
spectrum has a low-energy tail that extends below the bandgap [8]. Including these 
so-called many-body effects in the models for absorption and emission spectra 
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requires a more sophisticated theory [9], [10], which goes beyond the scope of this 
thesis. 
Alternatively, we use a phenomenological model first proposed by Lasher and 
Stern [11]. In this approach conservation of momentum is not required. The optical 
transition can occur between each pair of electron and hole states provided that 
their energy separation matches the photon energy. In this case, evaluation of the 
integral in equation 2.11 yields 
 dEEfωEfMωEρEρ
ωncεm
eπ
ωα cvifvc )]()([)()()(
)(
2
0
2
0
2
−−−⋅= ∫ hhh
h
h . (2.14) 
The momentum matrix element is taken to be energy independent. In the original 
paper of Lasher and Stern the use of this model has been justified by assuming that 
the presence of doping atoms in the semiconductor introduces an additional band 
of states close to the band edge, which has two important consequences. First, 
transitions with a photon energy less than the band gap can occur, this is not 
possible in the parabolic band model. Second, the k-selection rule breaks down for 
transitions involving these localized impurity states.  
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Figure 2.2: Gain spectra in AlGaAs calculated with (dashed line) and without (solid 
line) the k-selection rule. The carrier density is 3.1∙1018 cm-3 and the effective 
temperature is 320 K. The inset enlarges the area where optical gain exists. 
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2.2.2 Applicability of recombination models 
In case of high purity semiconductors, there is no reason to relax the k-selection 
rule. Nevertheless, it has been shown that a satisfactory agreement between the 
experimental spectra and the calculated line shapes is obtained using the single 
particle recombination model without k-selection (equation 2.14), as opposed to the 
single particle recombination model with k-selection (equation 2.12) [6], [12]. In 
addition, the model without k-conservation yields values for the electron hole 
plasma properties like carrier density and effective temperature that are 
essentially similar to the values derived using the more sophisticated collision 
broadened many body recombination model [13].  
In analyzing the emission spectra in chapters 4 and 5, we are not aiming at 
determining absolute values for the carrier density and the effective temperature, 
but we mainly focus on the trends that these properties exhibit as function of 
various parameters. Therefore, the recombination model without k-conservation 
provides a practical tool to derive quantitative numbers from these spectra. 
However, to gain a proper insight in the physical origin of the spectral changes, the 
conservation of momentum should be taken into account. In the next section, it is 
shown that for the special case of a semiconductor optical amplifier the high-energy 
tail of the emission spectra is described by a single exponential that does not depend 
on specific details of the used recombination model. 
 For illustration, the gain spectrum in AlGaAs is calculated according to 
expressions 2.12 and 2.14 for the absorption coefficient, and is plotted in figure 2.2. 
Given a carrier concentration of 3.1∙1018 cm-3 and an effective temperature of 
320 K, optical gain is attained for photon energies up to 1.603 eV. 
2.2.3 Amplified spontaneous emission 
The expressions derived in the previous subsection are suitable to describe surface- 
emitted photoluminescence spectra. However, in a semiconductor optical amplifier, 
the spontaneous recombination takes place in the active layer, which forms together 
with the two cladding layers a dielectric waveguide (see figure 1.2). Therefore, the 
spontaneous emission is partially guided and experiences amplification or 
absorption depending on its photon energy. Consequently, propagation along the 
waveguide modifies the line shape of the edge-emitted spontaneous emission 
spectrum, usually referred to as amplified spontaneous emission (ASE). Taking the 
amplification into account by integrating the spontaneous emission rate times the 
appropriate gain term over the cavity length L, the ASE rate is given by 
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where Γ is the optical confinement factor (see section 2.2.4). The gain G(ħω) is 
assumed to be independent of x, which means uniform along the waveguide. Using 
the relation between the spontaneous emission rate and the absorption coefficient, 
i.e., equation 2.8, this expression becomes 
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Equation 2.16 gives a complete description of the ASE spectral line shape and is 
used for analyzing the ASE spectra in chapters 4 and 5.  
It has to be noted that for high photon energy, i.e., well above the quasi-Fermi 
level separation, the gain term in equation 2.16 can be neglected, which results in 
the following approximation: 
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From this expression, it is evident that the high-energy tail of an ASE spectrum can 
be approximated by a single exponential, which only depends on the effective 
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Figure 2.3: Emission rates calculated without the k-selection rule for a 
carrier density of 3.1∙1018 cm-3 and an effective temperature of 320 K. 
The quasi-Fermi level separation ∆F is indicated with the arrow. 
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carrier temperature. Moreover, equation 2.17 shows that the mathematical 
description of the high-energy tail is independent of the used recombination model. 
Therefore, in extracting properties from ASE spectra, all line shape models should 
yield the same value for the effective temperature, as opposed to photo-
luminescence spectra [13]. 
To illustrate the difference between a spontaneous emission spectrum and an 
ASE spectrum, the emission rates are calculated for a bulk (Al)GaAs amplifier and 
are shown in figure 2.3. The carrier density is 3.1∙1018 cm-3 and the effective 
temperature is 320 K. Up to the transparency point, the ASE rate is higher than the 
spontaneous emission rate. Above the quasi-Fermi level separation energy the 
amplifier becomes absorptive and the ASE rate drops drastically with respect to the 
spontaneous emission rate. 
2.2.4 Optical confinement 
In the dielectric waveguide of a semiconductor optical amplifier, light is confined 
due to total internal reflection at the interface between the active and the cladding 
layers. The confined light propagates in certain modes, which are solutions of the 
time-independent wave equation for a specific geometry of the waveguide. To 
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Figure 2.4: The optical confinement factor for the TE and TM mode as a 
function of energy. Details of the waveguide structure are depicted in the figure. 
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calculate the modes we made use of a slab-waveguide model [14]. The amplifier 
waveguide with a thickness of 0.040 µm supports one transverse electric (TE) mode 
(i.e., with the electric field vector along the dielectric interface) and one transverse 
magnetic (TM) mode (i.e., with the magnetic field vector along the dielectric 
interface). 
Since the active layer may be very thin, the evanescent part of the optical mode 
penetrates into the cladding layer. However, only the part of the optical mode 
intensity that overlaps with the active layer is amplified. In the calculation of the 
ASE rate, this effect is taken into account by the so-called optical confinement factor, 
which is defined as the ratio of the mode intensity within the active layer to the total 
mode intensity. If the optical mode is known, the confinement factor can be 
calculated in a straightforward way [15]. Owing to the wavelength dependence of 
the mode propagation constant, the confinement factor has to be determined for 
every wavelength. From figure 2.4, in which the optical confinement factor of the 
TE and TM mode in an AlGaAs waveguide is plotted as a function of energy, it can 
be seen that the ASE spectrum is partially polarized due to the difference in optical 
confinement.  
2.3 Rate equations 
To this point only the stationary case is discussed. However, in the experiments 
described in this thesis the carrier distributions are perturbed by injection of an 
external laser source in the waveguide. Semiconductor laser dynamics and in 
particular the dynamic response of the carriers to this optical perturbation is 
commonly described using rate equations. The applicability of a rate equation 
model relies on the rapid redistribution of the carriers within their respective bands 
due to the ultra short intraband carriercarrier scattering time, which is about 30 fs 
[16]. Since the recombination rates are much slower (1 ns), the electrons and holes 
establish a quasi-equilibrium that obeys FermiDirac statistics within their respective 
bands. 
In this section, we consider the amplification of an external laser in a 
semiconductor optical amplifier. It is shown that intracavity optical fields alter the 
carrier density. Although the rate equation that describes the time evolution of the 
carrier density can be derived from first principles within the density matrix 
approach [17], it is here introduced phenomenologically. The change of the carrier 
density is given by the balance of the pump rate of electrons and holes into the 
active layer and all recombination rates, expressed as 
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where N is the carrier density, ibias the bias current, Vac the waveguide volume, R(N) 
the total recombination rate, GL = GL( Lωh ) the gain at the laser energy, IL the laser 
intensity and Lωh  the laser photon energy. The last term in equation 2.18 
represents the stimulated emission rate induced by the laser input. The total 
recombination rate is usually given by the following sum: 
 32)( CNBNNγNR nr ++= , (2.19) 
where γnr is the nonradiative recombination rate coefficient, B the bimolecular 
radiative recombination rate or spontaneous emission rate coefficient, and C the 
Auger recombination rate coefficient. In contrast to the InGaAsP long wavelength 
devices, Auger recombination can be neglected in AlGaAs based devices, because the 
Auger coefficient is typically three orders of magnitude smaller than in the InGaAsP 
material systems [18]. The amplification of the injected laser is described by the 
propagation equation 
 LintLL IαGdz
dI )(Γ −= , (2.20) 
where αint accounts for the internal waveguide scattering losses. It is assumed that 
the reflectivity of the facets is very low (<10-3). Otherwise a Rigrod analysis [19] has 
to be used, which treats the internal optical field as a sum of forward and backward 
travelling waves. The carrier density rate equation (Eq. 2.18) and the propagation 
equation (Eq. 2.20) are coupled by the laser intensity IL and the carrier density 
dependent gain. The steady state solution (dN/dt = 0) can be calculated provided 
that the functional dependence of the gain on carrier density is known. In a good 
approximation, the peak gain for a bulk semiconductor scales linearly with the 
carrier density, which is expressed as 
 )( trg NNAG −= , (2.21) 
where Ag is linear gain coefficient and Ntr the carrier density at optical transparency. 
Substitution of this expression in the carrier density rate equation shows that the 
amplifier is likely to saturate at the transparency density.  
The carrier density calculated at the front of the waveguide and at the rear of 
the waveguide is plotted in figure 2.5 as a function of laser input intensity. The 
latter is obtained by numerical integration of the propagation equation coupled with 
the steady state solution of the carrier density rate equation. To calculate the gain, 
expression 2.14 is used. The laser wavelength is chosen at the unsaturated peak 
gain. The simulation shows that the carrier density rapidly decreases towards the 
transparency density as the laser input intensity increases. Furthermore, 
propagation of the optical field may lead to an inhomogeneous carrier density 
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profile along the waveguide. However, for reasonably high laser intensities 
(> 100 mW), the carrier density profile becomes uniform again.  
After the work of Bimberg and Mycielski [20], who were the first to recognize 
that the recombination of injected carriers in a semiconductor can strongly heat the 
remaining carriers, various rate equation models have been developed that include 
dynamic carrier heating in modeling semiconductor laser dynamics [21], [22]. In 
these models the effective temperature of both electrons and holes is found from 
two additional coupled rate equations for the total energy of the conduction and 
valence band, respectively. In chapters 5 and 6 it is shown that recombination 
heating is an important mechanism to explain the fast dynamics in the experimental 
data. However, in the simulations above the effective carrier temperature is 
assumed to be constant for the sake of simplicity. Taking recombination heating into 
account, the behavior sketched in figure 2.5 does not qualitatively change, but 
heating of carrier distributions leads to a higher transparency density.  
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Figure 2.5: The carrier density as a function of laser input intensity 
calculated at the front of the waveguide (z = 0) and at the rear of the 
waveguide (z = L). As the input intensity increases, the carrier density 
rapidly decreases to the transparency density. For IL > 100 mW, the 
carrier density profile is uniform along the waveguide. 
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Chapter 3   
Experimental procedures and techniques 
In the experiments that are described in the following chapters, optical techniques 
are used to study the dynamic interplay between photons and charge carriers in 
semiconductor optical devices. This chapter starts with considerations regarding the 
appropriate sample and optical excitation. In section 3.3 the experimental 
arrangements like the sample mount and the background free detection scheme 
are described. The procedures and techniques concerning the optical 
characterization and time-resolved measurements are explained in detail in section 
3.4 and 3.5, respectively.  
3.1 The semiconductor optical amplifier 
The study of spontaneous emission is widely used to determine the material 
parameters and the output characteristics of semiconductor lasers. In working lasers 
spontaneous emission spectra naturally suffer from the presence of a longitudinal 
mode pattern. This effect was turned to an advantage by Hakki and Paoli, who 
developed a method to deduce the gain spectrum by measuring the amplitudes of 
the longitudinal FabryPérot resonance in the spontaneous emission spectrum 
below laser threshold [1]. 
In most cases, however, the mode pattern complicates the interpretation and 
often restricts the determination of properties from these spectra. In order to 
overcome this problem several experiments have been reported. Light that 
propagates perpendicular to the active region experiences a negligible amount of 
amplification or absorption. Therefore, spontaneous emission spectra that are 
detected perpendicular to the waveguide direction are free of a longitudinal mode 
pattern.  
In order to facilitate the measurement of this so-called spontaneous side 
emission, a special design of the devices is required, since the active region is often 
embedded in absorptive layers and the device itself is covered with an opaque 
metallic contact layer. For their gain measurements, Henry et al used a buried 
heterostructure design, in which the side spontaneous emission was collected 
through an optically transparent layer [2]. Another method is to create an optical 
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access perpendicular to the waveguide by special invasive processing [3]. This 
method has been proven successful [4], [5], but such an optical access can still give 
rise to FabryPérot-like oscillatory features in spontaneous emission spectra [6], [7].  
The measurements in this thesis are performed on a semiconductor optical 
amplifier (SOA). Since an SOA is a laser diode with high anti-reflectivity coated 
facets (R<10-4), the formation of longitudinal FabryPérot modes in the waveguide 
is avoided. Owing to propagation effects in the waveguide of the device, the edge-
emitted spontaneous emission or amplified spontaneous emission (ASE) has 
different spectral properties than the regular or unamplified spontaneous emission. 
But, as is shown in section 2.2.3, by measuring the ASE in the spectral domain an 
undisturbed fingerprint of the carrier distribution is obtained. 
The essence of this approach is that by injecting an external laser beam into the 
waveguide of the SOA, changes in the carrier energy distribution are induced that 
are similar to those in real laser devices due to the intracavity optical fields. By 
tuning the external laser one has full control over the intensity, polarization and 
wavelength of the laser optical field, independent of the biasing conditions. 
Additionally, in an SOA the carrier density can be varied over a large range making 
the regime of high inversion accessible, whereas in an ideal semiconductor laser the 
carrier density is pinned at laser threshold [8]. This implies that the spontaneous 
emission should not change once the threshold is reached [5], [9]. Consequently, the 
study of spontaneous emission in real lasers is restricted to a limited carrier density 
range below laser threshold. 
The device studied here is a GaAs/AlGaAs double heterostructure ridge 
waveguide laser diode with anti-reflectivity coated facets, fabricated at Philips 
Optoelectronics Research in Eindhoven (see figure 3.1). In order to improve the 
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Figure 3.1: Photograph of the top (left) and the right facet (middle and right) of the SOA. 
All dimensions are in microns. 
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anti-reflectivity the ridge is etched at 4 degrees to the normal of the cleavage planes. 
The energy band structure for the GaAs/AlGaAs system is schematically shown in 
figure 1.2 in section 1.1.2. The 40 nm thick active layer of the actual device has a 
small aluminum fraction (Al0.13Ga0.87As) and is embedded in 1.5 μm thick 
Al0.5Ga0.5As cladding layers. Under normal operating conditions the device has its 
peak emission at 785 nm (1.58 eV), where the optical confinement factor for TE 
polarization is about 0.10 (see section 2.2.4 and figure 2.4). 
3.2 Optical excitation 
Optical excitation with a monochromatic laser source is a convenient way to induce 
strong changes in the carrier distributions in semiconductors. Depending on the 
photon wavelength interband or intraband processes are initiated. Interband 
transitions take place when radiation with photon energies exceeding the 
semiconductor bandgap energy is used. Since the conduction and valence bands are 
essentially filled by electrical pumping, either stimulated absorption or emission is 
induced. As is pointed out in the previous chapter, this depends on the applied 
drive current, i.e., carrier density and effective temperature, and the wavelength of 
the laser source. The widely used Ti:sapphire laser emits in a wavelength range that 
fully covers the interband excitation energy range in the AlGaAs material system 
and is available as a continuous wave or as an ultrashort (2 ps) pulsed source.  
In case of intraband excitation, carriers within the conduction or valence band 
are excited to higher energy states increasing the total energy of the carrier 
distributions. To induce these transitions and to study them with picosecond time 
resolution, typically an optical source delivering picosecond pulses in the far 
infrared is needed, which in the Netherlands is available at FELIX [10]. Although 
intraband excitation allows one to study exclusively the heating of the carrier 
distributions, interband excitation is used here. Besides practical reasons, the 
response of the carrier distributions to an external optical source that induces 
interband transitions is compatible with the optical processes in real laser devices. 
Finally, the homogeneity of the excitation is addressed. In experiments with a 
standard SOA the external laser source is usually coupled to one of the amplifier 
facets and the light emission is collected at the other facet. This implies that 
propagation effects are important. For a wavelength tuned within the gain region, 
the optical field gains in intensity as it propagates through the waveguide. 
Therefore, one has to take into account that the impact on the carrier distributions 
is stronger at the rear of the waveguide than at the front (see section 2.3). For 
absorptive wavelengths the penetration depth is much smaller than the amplifier 
length, which leads to a very inhomogeneous excitation of the active layer. 
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3.2.1 Laser system 
For the gain measurements (section 3.4.2) and time-resolved crosstalk experiments 
(section 3.5.5) a continuous wave Ti:sapphire laser (Spectra Physics 3900) is used. 
With the appropriate mirror set this laser is tunable from 700 to 860 nm and covers 
the spectral working range of the SOA. The output power is about 1 Watt. An 
actively mode-locked Ti:sapphire laser (Spectra Physics Tsunami) is used to perform 
the time-resolved measurements (section 3.5.2 and 3.5.5). This laser oscillator 
produces stable pulses with a pulse width of about 1 ps, which is monitored on real-
time basis with a homebuilt autocorrelator system [11]. The tuning range of the 
picosecond laser is smaller, namely 720-860 nm. Operating at a repetition rate of 82 
MHz the average output power is about 1.5 Watt. A continuous wave argon ion 
laser (Spectra Physics 2040E) is employed as a pump source for both the continuous 
wave and picosecond Ti:sapphire lasers by using a movable mirror. 
The temporal extent and the frequency bandwidth of a pulse are related via the 
Fourier transform. Accordingly, a short optical pulse has a broadened energy 
bandwidth. For a 1 ps pulse the energy bandwidth is about 0.6 meV, while for a 
pulse of 100 fs the bandwidth is broadened to 6 meV. This has important 
consequences for using ultrashort pulses in spectroscopic experiments. If excitation 
at a well-defined energy with a narrow bandwidth or if high spectral resolution is 
required, the spectral broadening sets a limit to the allowed pulse width. In most 
cases, a pulse width of 1 ps results in the best compromise between temporal and 
spectral resolution. 
3.3 Experimental arrangements 
3.3.1 The sample mount 
In the practical experimental geometry the ASE is collected from the rear facet with 
a standard (25×) microscope objective, while for excitation purposes another (10×) 
microscope objective is used to couple laser light to the front facet of the device. The 
space in between these objectives is very limited due to their short focal distances 
(about 1 mm). Therefore the SOA with typical dimensions 500 × 300 × 100 μm is 
mounted with the epi-layer up on the edge of a special gold-plated copper support, 
which ensures sufficient mechanical stability (figure 3.2). A small ceramic post with a 
gold-plated top and threaded hole is attached to the support. An electrical 
connection to the SOA is made by wire-bonding to the gold-plated post. The drive 
current source is with one lead connected to the SOA support, while the other lead 
is connected to a threaded hole in the ceramic post. The size of the ridge waveguide 
is only 500 × 2.5 × 0.04 μm. To facilitate the optical alignment, the microscope 
objectives are mounted on XYZ-translation stages with micro-positioning controls. 
For correct optical alignment to the tilted waveguide, the SOA is placed under an 
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angle of 13° in between the microscope objectives in order to refract the injected 
light along the waveguide direction.  
3.3.2 Heat control 
Under normal operation conditions the SOA is biased at 100 mA leading to a heat 
dissipation of about 200 mW. Since heating strongly affects the gain, the SOA has to 
be kept at a stable base temperature. For this purpose the support with the 
mounted amplifier is anchored to a brass heat sink. The heat sink is actively cooled 
with a flow of tap water. After one hour the water temperature reaches a stability of 
better than 1 degree per hour. Moreover, in case of long experiments the space 
around the SOA is shielded against the cold airflow of the air-conditioning system. 
Finally, dissipation is reduced by utilizing a pulsed current source with a short duty 
cycle. From comparing the line shape of ASE spectra at different duty cycles, it is 
determined that with a duty cycle of 3% and a pulse length of 20 μs dissipative 
heating can be neglected. 
3.3.3 Background free signal detection 
Phase-sensitive detection with a lock-in amplifier is a common technique to measure 
signals with a high signal to noise ratio. In this way ASE spectra are easily recorded 
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Figure 3.2: Topside view of the optical alignment to the SOA. Since the 
waveguide has a tilt angle of 4° on the chip, the support is placed under 
an angle of 13° to compensate for the refraction of the injected laser. 
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by modulating the ASE output with a mechanical chopper or by direct modulation 
of the drive current. However, if large background signals are present it is not the 
most suitable technique. In case of gain measurements (section 3.4.2) the ASE is an 
important source of background signal, while in time-resolved measurements 
(section 3.5) the second harmonic light generated in the nonlinear crystal can even 
be brighter than the real signal. In addition, if the amplifier is driven by a pulsed 
current with a short duty cycle, lock-in detection gives rise to spurious effects in the 
recorded spectra.  
To overcome these difficulties we made use of a gated photon counting method, 
which is schematically shown in figure 3.3. Besides the signal of interest, various 
other signals arrive at the photodetector, which is connected to a photon counter. A 
mechanical chopper acts as a shutter for the real signal and provides a trigger pulse 
to the photon counter, which has two independent count registers. The timers of 
the counter gates are precisely adjusted in such a way that the first register counts 
during the open periods of the shutter, while the second register counts during the 
closed periods. This means that the first register contains both the background and 
the real signal, while the second register only contains the background signal. 
Subtraction of both registers gives the real signal. 
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Figure 3.3: Schematic setup for background free gated photon counting. In the given 
configuration the gain of the SOA is measured without the contribution of the ASE output 
of the SOA or any other background signal. 
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If the amplifier is operated with pulsed current, the current pulse has to be 
synchronized with the two count registers. Therefore, both in the open and closed 
period of the shutter a current pulse is supplied to the amplifier. This is achieved by 
passing the chopper trigger signal via a frequency doubler to the pulse current 
source. The gating period has to match the width of the current pulse. In 
performing gated photon counting, special care has to be taken in that the actual 
count rate does not exceed the allowable count rate. The photomultiplier tube used 
here has a linear response up to 10 MHz, but in practice the count rate never 
exceeded 1 MHz. 
3.4 Optical characterization 
A detailed (continuous wave) characterization of the ASE and the gain properties is 
crucial for defining the proper operational conditions of the SOA in all further 
experiments. First of all, the spectral properties of both ASE and gain depend 
strongly on drive current. Secondly, owing to the optical confinement factor they 
are also polarization sensitive. 
3.4.1 Amplified spontaneous emission spectra 
ASE spectra are measured in a straightforward way (see figure 3.4). The edge-
emitted emission is collected with a microscope objective and directed via mirrors 
into a grating monochromator system with a photomultiplier tube as light-sensitive 
detector. A polarizer is used to distinguish between transverse electric (TE) and 
transverse magnetic (TM) polarized light. The monochromator is controlled by a 
computer program, which also acquires the data obtained by either phase-sensitive 
detection or background free gated photon counting. 
3.4.2 Gain measurements 
The simple optical transmission setup, shown in figure 3.4, is used to measure the 
amplifier gain as a function of drive current, wavelength and polarization. The 
tunable continuous wave laser is coupled to the front facet of the amplifier. The 
amplified laser light is collected at the rear facet. The alignment of the laser to the 
tiny (2.5 × 0.04 μm) waveguide facet is very critical. A telescope and a beam splitter 
can be inserted in the optical path in front of the amplifier in order to follow the 
reflected laser spot on the amplifier facet by eye. If the SOA is biased, the laser spot 
is guided to meet the luminescence of the waveguide by adjusting the microscope 
objective. In the second alignment step a photodiode is inserted after the amplifier 
to facilitate maximizing the transmitted optical power.  
The combination of the BabinetSoleil compensator and the polarizer works as 
a variable attenuator. If the optic axis of the compensator is put at 45 degrees to the 
polarization state of the incoming light, the compensator causes a phase retardation 
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between its constituent wave vectors. Adjusting the retardation between 0 and π, 
makes the polarization state of the outcoming light to vary from linear (vertical), 
circular, to linear (horizontal) again via all intermediate elliptical states. After 
passing the polarizer the laser intensity varies over about two orders of magnitude, 
because the polarizer accepts only one linear polarization state. The laser beam does 
not suffer of any beam displacement by tuning its intensity in this way, which is with 
regard to the critical alignment the essential advantage of this method. 
3.5 Time-resolved measurements 
The development of sub-picosecond laser systems has allowed researchers to 
explore processes on time scales that were not accessible before. Ultrashort optical 
pulses offer the opportunity to trigger ultrafast processes on a similar time scale. On 
the other hand special detection techniques are needed to fully exploit the 
advantage of ultrashort pulse excitation. The time resolution that is achieved in the 
experiments described here is ideally limited by the laser pulse width. However, it 
has been shown that dynamics on faster timescales than the laser pulse width can be 
studied provided that both the laser pulse intensity and its phase are precisely 
characterized [12]. 
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Figure 3.4: Basic setup for measuring ASE spectra and for gain measurements, 
consisting of the following components: F - gray filter, BSC - BabinetSoleil 
compensator, P - polarizer, Obj - microscope objective, M - mirror, Ch - chopper, 
Pd - photodiode, and L - lens. In case of ASE spectra measurements the laser 
output is blocked and the chopper is removed from position Ch 2 and inserted at 
position Ch 1. 
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3.5.1 Upconversion and light-gating 
In order to obtain picosecond time resolution we made use of the upconversion 
technique, which was first introduced by Mahr and Hirsch [13]. An excellent review 
on the important experimental details of this technique regarding time-resolved 
photoluminescence experiments on semiconductors is given by Shah [14]. The 
working principle is based on sum-frequency generation by mixing a short laser 
pulse and an arbitrary luminescence signal in a nonlinear crystal. Only the part of 
the luminescence signal that coincides, both in time and space, with the laser pulse 
in the nonlinear crystal results in sum-frequency generation. Therefore, under 
optimal conditions the luminescence signal is sampled with a time resolution 
determined by the laser pulse width. 
The light-gating principle for time-resolved ASE measurements is schematically 
depicted in figure 3.5. Part of a picosecond pulsed laser beam is coupled by a 
microscope objective to the active layer of an SOA in order to induce a picosecond 
transient in its output ASE signal. The other part of the laser beam (reference, ωref) 
is delayed and then mixed with the SOA output (ωASE) in a nonlinear LiIO3 crystal. 
Sampling of the ASE signal is obtained by varying the optical path length of the 
reference path with respect to the pump path with a delay stage. The upconverted 
signal (ωupc) is only generated when the phase-matching conditions are satisfied, 
which means that in the upconversion process both energy and momentum should 
be conserved. The equations for phase-matching are given by  
 refASEupc ωωω += , (3.1) 
 refASEupc kkk
rrr
+= , (3.2) 
where ω is the appropriate photon energy and k
r
 is the appropriate wave vector. In 
an anisotropic medium like LiIO3 the refractive index depends on the polarization 
and the propagation direction of the light with respect to the optic axis of the 
crystal. For collinear type I phase-matching, i.e., the polarization of ωASE and ωref are 
perpendicular to the optic axis (O, ordinary index) and orthogonal to the 
polarization of ωupc (E, extraordinary index), equation 3.2 reduces to 
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where λn  is the refractive index at wavelength λ and θ denotes the angle between 
upck
r
 and the optic axis. From equation 3.3, it is clear that in order to satisfy the 
phase-matching conditions the angle θ has to be adjusted for each ASE wavelength. 
Therefore, in measuring the spectral distribution of the ASE signal, the tuning of 
the grating monochromator system is synchronized with a calibrated adjustment of 
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the crystal angle. For this purpose the nonlinear crystal is mounted on a 
computerized rotation stage. Here, the LiIO3 crystal is cut at 44 degrees in order to 
have near-normal incidence for type I phase-matching (OASE+Oref ⇒ Eupc) in the 
spectral range from 700 nm to 860 nm. Detailed information about selecting the 
proper crystal and calculating the cutting angle can be found in reference [11]. 
3.5.2 Time-resolved ASE 
The actual setup for the time-resolved experiments is schematically shown in figure 
3.6. The picosecond laser output of the Tsunami is split by a beam splitter into a 
pump and reference beam. The reference beam is delayed and directed by mirrors 
to the nonlinear crystal, in which it is focused with an achromatic lens. The pump 
beam passes through a variable attenuator (see section 3.4.2) and is coupled to the 
amplifier waveguide with a microscope objective. In combination with the polarizing 
beam splitter a photodiode is used to monitor and to calibrate the incident laser 
intensity. Another photodiode can be inserted after the SOA to monitor the 
alignment of the pump beam to the waveguide.  
The optical pump pulse induces a transient in the SOA output. Since this 
disturbance of the ASE signal co-propagates with the picosecond laser pulse, one 
measures the induced change of the ASE signal integrated over the full length of 
the amplifier waveguide at an arbitrary time delay. The SOA output is collected at 
the rear facet and then guided by mirrors to the nonlinear crystal. The polarizer 
after the amplifier is set to match the O-polarization on the crystal needed for type I 
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Figure 3.5: The upconversion technique. A short excitation pulse (1 ps) induces a 
transient in the ASE signal (> 1ps). A gating pulse at a given time delay is co-
focused with the ASE signal in a nonlinear crystal generating the upconverted 
signal provided that the phase-matching conditions are satisfied. 
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phase-matching. This implies that to study TE- and TM-polarization of the ASE 
output, the SOA has to be rotated over 90 degrees. One should notice that unlike 
time-resolved photoluminescence experiments [14] the upconverted signal is also 
present without sample excitation. This is in particular helpful for optimizing the 
upconverted signal yield, because alignment of the ASE to the crystal is decoupled 
from alignment of the pump beam to the SOA. 
The zero time delay is determined by measuring the cross-correlation of the 
laser pulse with the SOA inserted in the pump path. If the delay stage is tuned to 
maximize the intensity of the cross-correlation signal, the optical path lengths of the 
pump and reference path match. After removing the SOA the pulse properties can 
be determined by measuring the autocorrelation. The homebuilt autocorrelator, 
into which 10% of the laser is split, serves merely to check the stability and 
alignment of the Tsunami laser. 
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Figure 3.6: Setup for the time-resolved measurements, consisting of the following 
components: BS - beam splitter, PBS - polarizing beam splitter, and the other components as 
defined in figure 3.4. In case of the time-resolved ASE experiments the continuous wave 
laser is not used. 
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In the experiment data is acquired in two ways. First, for obtaining time 
evolution traces the detection wavelength and the appropriate tuning angle of the 
nonlinear crystal are fixed, while the optical path length of the reference beam is 
scanned. Second, to measure the spectral distribution at an arbitrary time delay, the 
optical path length of the reference beam is fixed, while the detection wavelength is 
scanned along with a calibrated adjustment of the nonlinear crystal. 
3.5.3 Stray-light rejection 
Since the intensity level of the upconverted signal may be very low, background 
signals have to be suppressed. A color filter efficiently prevents the infrared 
emission of the reference and pump beam to enter the monochromator. However, 
due to the relative high intensity, both reference and pump beam may generate 
second harmonic light in the nonlinear crystal, even if there is no perfect phase-
matching. This second harmonic light can be so bright that it leads to a large 
detection gap in the ASE spectrum around the excitation wavelength of the laser. 
Several measures are taken to suppress this second harmonic generation. 
The upconversion is carried out in a noncollinear geometry. If phase-matching 
of the reference beam with the pump beam occurs at a tuning angle of 0°, the 
reference beam itself is phase-matched at an angle of about 2.5°, while the pump 
beam itself is phase-matched at about 2.5°. Second harmonic light that still may be 
generated can easily be blocked with a diaphragm, because it does not propagate 
collinearly with the upconverted signal. 
Light scattering of the reference beam at imperfections at the crystal surface 
gives an important contribution to the second harmonic background signal. It is 
profitable to keep the intensity of the reference beam as low as possible, because 
second harmonic generation depends quadratically on intensity, while the 
upconverted signal is linearly proportional to the intensity of the reference beam. 
Moreover, because LiIO3 is a hygroscopic material, it should be treated with care to 
keep the surface clean and the laser beam should be focused on a clean spot on the 
crystal surface. Gated photon counting is necessary to acquire data without any 
remaining background signal from the reference beam. 
Finally, the optical pump pulse that collinearly travels with the ASE may 
generate second harmonic light. To suppress this contribution, the polarization of 
the pump beam is set to the E-polarization state, which is unfavorable for type I 
phase-matching and in addition orthogonal to the transmission direction of the 
polarizer after the SOA. However, due to scattering of the pump beam inside the 
waveguide, the initial polarization is partially lost. Hence, a fraction of the pump 
beam will still reach the crystal. Taking all these precautions into account, the size of 
the detection gap in the ASE spectra is typically 25 meV. 
3.5 Time-resolved measurements 
 49
 
 
Figure 3.7: Photograph of the real setup in operation. 
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3.5.4 Calibration of the nonlinear crystal and spectral response 
In a limited spectral range the relation between the tuning angle of the nonlinear 
crystal and the upconversion wavelength is to a good approximation linear [11]. 
Although the tuning angle can be calculated theoretically, it is more convenient to 
obtain it experimentally. The signal source for the calibration is the broadband ASE 
output of the SOA. The optimum tuning angle for upconversion is determined by 
setting the monochromator at a specific wavelength and rotating the nonlinear 
crystal. Typical calibration traces are shown in figure 3.8. The inset shows that the 
dependence between tuning angle and upconverted wavelength is well described by 
a straight line with a slope of -0.31 degree/nm. Consequently, the spectral line shape 
of the upconverted ASE signal is given by the envelope of the curves.  
Besides the monochromator grating and the photomultiplier tube, the 
upconversion process is a wavelength dependent efficiency factor in the detection 
scheme. For accurate analysis of the spectral line shape, the spectral response of the 
complete setup should be determined. By careful calibration of the system response 
in the infrared, the spectral line shape of the ASE for both the TE- and TM-
polarization is exactly known. Hence, under equal biasing conditions the SOA can 
be used as a source with known emission intensity as a function of wavelength for 
obtaining the spectral response of the upconversion scheme. The spectral response 
curve is derived from division of the upconverted ASE spectrum by the ASE 
spectrum from the direct calibrated measurement. 
3.5.5 Time-resolved crosstalk 
The setup used to study the crosstalk that a continuous wave laser experiences from 
a picosecond optical pulse inside the SOA differs only from the setup, described in 
section 3.5.2, by the addition of the continuous wave Ti:sapphire laser. For this 
experiment the output of the argon ion pump laser is split in order to pump both 
the picosecond Tsunami laser and the continuous wave Ti:sapphire laser. The 
Tsunami laser requires a pump power of at least 9 Watt. Operating the argon ion 
pump laser at 14 Watt and using a 30R/70T plate beam splitter results in sufficient 
pump power for stable operation of both Ti:sapphire lasers. 
After the variable attenuator a polarizing beam splitter is used to direct the 
continuous wave laser beam and the picosecond pump beam collinearly towards the 
SOA. The polarization of the continuous wave beam is orthogonal to the 
polarization of the pump beam, but parallel to the transmission direction of the 
polarizer after the SOA. Since the intensity of the continuous wave laser in 
comparison to the ASE is relatively high, the intensity of the reference beam can be 
reduced without degradation of the signal to noise ratio. As a result the detection 
gap around the wavelength of the picosecond laser is much smaller (5 meV) than in 
the time-resolved ASE experiment. The remaining detection gap is mainly caused 
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by second harmonic light generated by part of the pump beam that still passes the 
polarizer. 
This problem can be solved in a counterpropagating geometry, meaning that 
the continuous wave laser is coupled to the rear facet of the SOA. In this geometry 
hardly any backscattered light of the picosecond pump laser reaches the crystal. In 
this case one can even detect at the degenerate wavelength. The major drawback of 
the counterpropagating geometry is that the time resolution of the measured sum-
frequency signal is obscured. Since the detected crosstalk signal does not propagate 
along with the picosecond laser pulse, the time the pulse spends in the waveguide 
becomes important. In this geometry the front of the waveguide has a different 
origin of time as the rear of the waveguide (two times the optical path length of the 
waveguide), which puts a limit of two times the waveguide propagation time to the 
time resolution.  
For measuring a crosstalk trace, the tuning of the monochromator is 
synchronized with a calibrated adjustment of both the nonlinear crystal and the 
continuous wave laser. By gated photon counting with the chopper inserted in the 
continuous wave beam (position Ch 2 in figure 3.6), background signals from both 
reference and pump beam are eliminated. 
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Figure 3.8: Upconverted ASE traces as a function of tuning angle for different 
settings of the monochromator (λ ranges from 377 to 402 nm in steps of 1 nm). The 
wavelength of the picosecond laser is 780 nm. The inset shows the linear relation 
between tuning angle and upconverted wavelength. 
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Chapter 4   
Amplified spontaneous emission 
spectroscopy on semiconductor optical 
amplifiers subject to active light injection 
Abstract 
It is shown that measurements of the effect of optical injection with an external laser 
on the spectral response of a semiconductor optical amplifier can probe intrinsic 
properties of a working device. The data demonstrate that under saturated gain 
conditions the carrier energy distribution within the active layer of a GaAs/AlGaAs 
amplifier neither shows spectral hole burning nor carrier heating, but only a 
decreased density 
4.1 Introduction 
Knowledge of the response of the carrier distribution to the strong internal optical 
fields in semiconductor lasers and semiconductor optical amplifiers is essential for 
optimizing the performance of these devices. Usually this information is inferred 
from spontaneous emission spectra [1]-[3]. However, in working lasers spontaneous 
emission spectra suffer from the presence of a longitudinal mode pattern, which 
complicates the interpretation and hampers a reliable determination of properties 
from these spectra. 
In this chapter we present a novel method to study the properties of inverted 
semiconductor devices. A key point in our approach is that by injecting an external 
laser beam into the waveguide of a semiconductor optical amplifier (SOA), changes 
in the carrier energy distribution are induced which are similar to those in real laser 
devices due to the intracavity optical fields. Since an SOA has anti-reflectivity (AR) 
coated facets, the formation of longitudinal FabryPérot modes in the waveguide is 
                                                          
1 Part of this work is published in: Appl.Phys.Lett. 72, 2936 (1998). 
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avoided. Hence, by measuring the full spectral response of the amplified 
spontaneous emission (ASE) that is emitted from the edge of the device, an 
undisturbed fingerprint of the carrier distribution is obtained. Our method can be 
regarded as a model experiment for device studies under real laser operation. By 
tuning the external laser one has full control over the intensity, polarization and 
wavelength of the laser optical field, independent of the biasing conditions. 
Furthermore real devices, without a special need for invasive processing to create an 
optical access perpendicular to the waveguide, can be used. This is in particular 
advantageous, because such an optical access can also give rise to FabryPérot-like 
oscillatory features in spontaneous emission spectra [2], [3]. Finally the technique 
can be extended to dynamic studies with sub-ps time resolution using an up-
conversion scheme [4]. 
4.2 Experimental details 
The device under study is a GaAs/AlGaAs double heterostructure ridge waveguide 
laser diode with AR-coated facets, fabricated at Philips Optoelectronics Research. 
The ridge is etched at 4 degrees to the normal of the cleavage planes. The 40 nm 
thick Al0.13Ga0.87As active layer is embedded in 1.5 μm thick Al0.5Ga0.5As cladding 
layers. The SOA is operated with a pulsed current source with a pulse width of 
about 10 μs and a duty cycle of 3% to reduce dissipation. A continuous wave 
Ti:sapphire laser, tunable from 700 to 860 nm, is coupled into the front facet of the 
waveguide with a microscope objective. The ASE is collected at the end facet of the 
waveguide with a similar microscope objective and guided into a grating 
monochromator system. For accurate comparison ASE spectra with and without the 
injected laser field are measured quasi-simultaneously. For this purpose a 
mechanical chopper, synchronized with the current source and a gated photon 
counting system, is used to chop the injected laser beam. In the dark period one 
measures the steady state ASE spectrum and in the light period the injected laser 
induced change in the ASE spectral distribution is measured.  
4.3 Results and discussion 
Experimentally obtained ASE spectra for different wavelengths of the external laser 
are plotted in figure 4.1. For all spectra the SOA is biased at 60 mA to have a 
substantial inversion and gain. The single pass peak gain is approximately 12 dB. 
The wavelength of the external laser is tuned within the gain regime to induce 
strong stimulated emission. Injecting the external laser into the waveguide leads to 
a strong decrease of the ASE spectral intensity over its whole energy range (figure 
4.1). Optical injection creates an additional recombination channel that competes 
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with the nonradiative channel and the ASE recombination channel for carriers, 
effectively reducing the inversion population density.  
To illustrate the use of our technique the gain profile in the device is 
determined by tuning the wavelength of the external laser. In figure 4.2, it is shown 
that as a function of the input wavelength, the output intensity of the SOA [figure 
4.2 panel (B)] exhibits a similar behavior as the relative change of the integrated 
ASE spectral intensity after removing the stimulated emission spike [figure 4.2 
panel (A)]. Also the effect of the optical confinement factor, which accounts for the 
intensity overlap of the laser field with the active layer, is clearly demonstrated. For 
the transverse magnetic (TM) polarization the response is smaller than for the 
transverse electric (TE) polarization. Since the variations in the coupling efficiency 
are kept minimal, the measured difference is mainly due to the optical confinement 
factor, which for TM polarized light is about 25% smaller than for TE polarized 
light.  
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Figure 4.1: ASE spectra with (solid line) and without (dashed line) optical 
injection under the same biasing conditions plotted on a linear scale. The 
stimulated emission spike corresponds to the energy of the external laser. 
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More quantitatively these results can be described with the carrier density rate 
equation [5] 
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where N is the carrier density, ibias the bias current, e the electron charge, V the 
waveguide volume, γnr the non-radiative recombination rate, Sase(N) the ASE 
emission rate, Γ the optical confinement factor, GL = GL(ћωL) the gain at the laser 
energy, IL the laser intensity and ћωL the laser photon energy. The last term in 
equation 4.1 represents the rate of stimulated emission induced by the injection of 
the external laser beam. Since the bias current remains the same, it follows directly 
from equation 4.1 that the presence of stimulated emission leads to a reduced 
carrier density NL. As a consequence, the ASE emission rate decreases. Using 
equation 4.1, this external laser induced change in Sase can in the steady state 
[(dN/dt = 0)] be expressed as 
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Figure 4.2: Relative change of the integrated ASE intensity (A) and output intensity (B) 
versus energy of the external laser. 
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Although this representation does not take the actual energy distribution of the 
carriers into account, it adequately explains the observed features so far. In any 
case, by resolving the response of the ASE intensity in the spectral domain our 
technique probes stimulated emission induced effects that go beyond this 
description as well. Since in the present case the stimulated emission is the 
adjustable parameter, the dependence on gain, polarization and laser intensity can 
be investigated. By measuring close to saturation of the amplifier it is justified to 
ignore longitudinal features in our model, because saturation assures longitudinal 
homogeneity. 
To understand the saturation behavior of the SOA we measured the spectral 
response of the ASE to injection with a high intensity laser beam. Besides a linear 
dependence of the gain on the population inversion density, nonlinear processes 
like carrier heating and spectral hole burning (SHB) are considered to be 
important for gain saturation in semiconductor lasers and amplifiers [6]-[8]. Carrier 
heating arises because in the stimulated recombination process carriers with an 
energy less than the average energy are involved. Removing these carriers from the 
distribution increases the average energy of the remaining carriers leading to a 
distribution with a higher effective temperature [9]. Spectral hole burning is seen as 
a deviation of the carrier distribution from the FermiDirac distribution due to 
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Figure 4.3: Output power (solid line) and relative change of the integrated ASE 
intensity (dashed line) versus input power at a bias current level of 88 mA. 
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stimulated recombination at one particular energy. Both processes can give rise to 
nonlinear gain saturation as was claimed in previous publications [6]-[8]. However, 
those experiments were not carried out in the spectral domain. 
In figure 4.3 the output power and the relative change of the integrated ASE 
intensity is plotted as a function of the input power of the external laser. The 
saturation of the output power coincides exactly with the saturation of the relative 
change of the integrated ASE spectral intensity. This result suggests that the gain in 
a bulk semiconductor scales only linearly with the carrier density minus the 
transparency carrier density [5], meaning that with increasing input intensity the 
depletion of the carrier distribution proceeds until the transparency condition for 
the incident laser photon energy is fulfilled.  
To examine the nonlinear contributions to the gain saturation, we measured 
over more than three decades the spectral response in the highly saturated regime. 
From a plot of ASE spectra with and without injection of the intense laser beam on a 
semi-logarithmic scale (see figure 4.4), it can be seen that the achieved saturation 
results in a smooth and strong decrease of the ASE intensity over its whole energy 
range. Furthermore, the high-energy tails of both spectra have even under these 
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Figure 4.4: ASE spectra without (dashed line) and with (solid line) 
injecting an intense saturating laser beam into the SOA at a bias current 
level of 88 mA plotted on a semi-logarithmic scale showing that the high 
energy tail (≡ effective temperature) remains unchanged. 
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highly saturated conditions the same slope. The experiment shows that relaxation of 
carriers via carriercarrier scattering and the cooling of the carrier distribution via 
inelastic phonon scattering take place at such high rates, that the carriers relax to a 
distribution with a lower density, which has neither a persisting spectral hole nor an 
altered effective carrier temperature. Thus nonlinear gain saturation arising from 
SHB or carrier heating is not present in the amplifier. This contrasts earlier work 
obtained on laser diodes with an optical access perpendicular to the waveguide [2]. 
In that work the occurrence of both SHB and carrier heating was claimed by 
comparing spontaneous emission spectra measured at different bias current levels, 
i.e., at different levels of gain saturation. Our data taken on an SOA do not show any 
significant influence of SHB or carrier heating. Since SHB is only feasible in the case 
of a very intense laser field, we estimated the intensity of the optical field inside the 
waveguide in the saturated regime. Without optical injection a reduction of the 
drive current with 30 mA leads to an ASE spectrum with a shape and peak intensity 
similar to the highly saturated ASE spectrum. This change in drive current ∆i 
should equal the stimulated recombination current. Using equation 4.1 the 
following relation holds: 
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from which the intensity inside the waveguide is estimated to be 0.75 MW/cm2. This 
is far below the intensity needed for SHB [5], but sufficient to saturate the gain. 
4.4 Conclusions 
In conclusion, we have demonstrated a new method to characterize semiconductor 
optical amplifiers, which is based on the study of the spectral response of ASE to the 
internal optical fields, generated by a tunable external laser. We have shown that, 
after saturating the SOA with intense laser power, the carriers redistribute to a 
lower density with an unchanged effective carrier temperature. Therefore, in the 
steady state nonlinear gain saturation due to spectral hole burning or carrier 
heating is not observed in this device. 
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Chapter 5    
Picosecond amplified spontaneous emission 
spectroscopy on semiconductor optical 
amplifiers 
Abstract 
The carrier dynamics in a semiconductor optical amplifier is studied by time-
resolved measurements of the response of the edge-emitted amplified spontaneous 
emission (ASE) spectrum to injection of intense optical pulses in the waveguide. It 
is shown that the observed picosecond transient in the ASE spectral distribution is 
conclusively described by effective carrier temperature dynamics related to carrier 
density depletion. A line shape analysis shows that the picosecond pulse induced 
stimulated recombination leads to a 60 K increase of the effective carrier 
temperature and a 10% reduction of the carrier density. 
5.1 Introduction 
Understanding the dynamic interplay between photons and the inverted electron 
hole plasma in a semiconductor optical amplifier (SOA) is not only of fundamental 
interest, but is also of great significance for future high-speed all-optical data 
communication systems. The interactions with a monochromatic pulsed light source 
induce a strong and rapid gain change over the entire energy bandwidth making 
these devices very suitable for all optical wavelength conversion applications [1]-[3]. 
In order to push the bit-rate of SOA based wavelength converters to new limits 
detailed knowledge of the gain dynamics and the nonlinear gain saturation behavior 
is necessary. Previously the carrier dynamics in SOAs were studied by optical pump-
probe transmission [4]-[6] and non-degenerate four wave mixing [7]. It was found 
that the interaction of light with the carriers in the active layer gives rise to gain 
changes on a picosecond time scale. Although these experiments inherently resolve 
the response of the carriers only locally in energy space, it was argued that 
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nonlinear processes like carrier heating [4], [5] and spectral hole burning [6] 
cause the observed rapid gain transients. However, the relative importance of these 
processes regarding the nonlinear gain in the device is hitherto not untangled. 
Especially, since dynamic carrier heating has been suggested as a means for 
extending the modulation speed of semiconductor lasers to the 100 GHz range [8], 
measurements that reveal the carrier dynamics in the energy domain are required.  
In this chapter we present both temporally and spectrally resolved 
measurements on an SOA, which is exposed to injection of picosecond optical pulses 
into the waveguide. With this time-resolved extension of a continuous wave 
characterization method [9], we examine the dynamical response of the edge-
emitted amplified spontaneous emission (ASE) spectrum, which forms a direct 
fingerprint of the carrier distribution. In particular, we demonstrate that heating of 
the carriers stemming from stimulated recombination conclusively explains the fast 
transients in the ASE spectral intensity and that the long-term transient is caused by 
carrier density depletion. 
5.2 Experimental details 
The device studied is a bulk GaAs/AlGaAs based SOA, which is described in detail in 
section 3.1. The SOA is biased at 70 mA, resulting in a single pass peak gain of 
approximately 19 dB and a gain bandwidth of 80 meV or 40 nm. Time resolved 
ASE spectra are measured with a conventional upconversion scheme [10]. The 
feasibility of this technique to measure ASE spectra has been demonstrated for a 
very limited signal intensity range (0.5 decade) [11]. A detailed description of our 
experimental setup and procedures is given in section 3.5. Here, we explain the 
technique only in brief. A picosecond pulsed laser beam is split into two pulse trains. 
One beam is used to induce transients in the ASE output signal of the SOA. The 
other beam is delayed by a variable delay stage and subsequently mixed with the 
SOA output signal in a nonlinear crystal. Under phase-matching conditions the 
upconverted signal (at the sum-frequency) is generated in the crystal and detected 
with a monochromator and photomultiplier. The transient in the ASE signal is 
sampled by adjusting the optical path length with the delay stage. The wavelength 
of the picosecond laser is tuned to the gain maximum at 1.578 eV. In order to 
suppress stray light, the polarization of the laser is adjusted to couple to the TE 
mode of the SOA, while a polarizer is used to select the TM mode of the ASE output 
for the upconversion process (see section 3.5.3). The detection gap, which is caused 
by second harmonic stray light generated in the upconversion crystal, is about 25 
meV wide. Since propagation of the optical pulse can lead to an inhomogeneous 
carrier distribution along the waveguide (see section 2.3), the ASE measurements 
are carried out in the saturated regime.  
5.2 Experimental details 
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Figure 5.1: Spectral distribution of the ASE before [panel (A1)] and after [panel (B1)] the 
arrival of the picosecond laser pulse in the amplifier waveguide. Panel (A2) and (B2) show 
the best line shape fits to the experimental data in panel (A1) and (B1), respectively. In 
panel B2 the t = -10 ps spectral fit is plotted for reference. 
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Figure 5.2: Time evolutions of the ASE intensity detected at different energies. The 
plotted intensities are the real measured intensities. The fall time of the ASE signal 
increases towards higher energy. The fast recovery dynamics disappears above 1.66 eV 
and close to the band edge (1.52 eV). The inset shows the long-term recovery of the ASE 
signal at 1.60 eV. The energy of the excitation pulse is 1.578 eV. 
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5.3 Experimental results 
The ASE spectral distribution at fixed time delays is shown in figure 5.1 panel (A1) 
and (B1). The ASE intensity is measured over almost three orders of magnitude. 
The detection gap is clearly centered at the excitation wavelength (1.578 eV). As the 
leading edge of the pulse enters the amplifier (t = -2 ps), the ASE intensity starts to 
drop over its entire spectral range. The ASE intensity reaches its minimum value at 
t = 0 ps, when the pulse has fully entered the waveguide. Once the pulse has passed 
the amplifier, the ASE intensity recovers in a two-step process to its initial level. 
Panel (B1) of figure 5.1 shows only the fast recovery of the ASE spectra up to 
t = 10 ps. The intensity is only fully restored after 1.5 ns, which is shorter than the 
repetition rate of the picosecond laser (12 ns). Therefore the SOA can fully recover 
in the time between the laser pulses. In panel (B2) the spectral fit for t = -10 ps (i.e. 
the recovered spectrum) is plotted for reference. 
In order to study the recovery process in more detail the time evolution of the 
ASE intensity is measured at fixed detection energies. From figure 5.2, it can be 
seen that the details of the fast dynamics depend strongly on the detection 
wavelength. In the gain region (1.53 eV-1.61 eV) the ASE intensity collapses with a 
0.8 ps time constant. This fall time is comparable to the rise time of the laser pulse. 
Only in this region there exists a rapid recovery to the intermediate level, which is 
reached after 10 ps. Close to the bandgap (1.52 eV) and far outside the gain region 
(>1.66 eV) the fall time approaches the total pulse duration (2 ps), while the fast 
recovery dynamics disappears. The inset of figure 5.2 clearly shows the long-term 
recovery of the ASE signal at 1.60 eV to its initial level in 1.5 ns. 
The initial fall of the ASE intensity is caused by the combined effect of carrier 
density depletion and carrier heating. Both effects arise naturally from stimulated 
emission. The optical pulse induced recombination removes relatively cool carriers 
(with an energy less than the average energy) from the distribution. Consequently 
the average energy of the remaining carriers increases, leading to a distribution 
with a higher effective temperature (stimulated recombination heating [12]). After 
the pulse the carriers quickly cool through exchanging heat with the lattice. The 
time constant obtained by an exponential fit of the cooling process is 2.6 ps, which is 
in agreement with experimental and theoretical values reported for bulk AlGaAs 
amplifiers [4], [13]. The long-term recovery is due to replenishment of the carrier 
density in the active layer by the external bias. The time constant of this process is 
about 900 ps and corresponds to the effective carrier lifetime.  
As shown by the time evolution traces in figure 5.2, the effect of the carrier 
density depletion is apparent over the full measured energy range, while the effect 
of the carrier heating is mainly observed in a limited energy range (1.55  1.65 eV). 
This behavior is further discussed in section 5.5. 
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5.4 Line shape analysis 
In order to confirm the scenario for the carrier density and effective temperature 
sketched above, we carried out a line shape analysis of the spectra shown in figure 
5.1. Assuming that the energy dependent gain G(ћω) is uniform along the cavity, the 
ASE spectral intensity Iase can be expressed as 
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where Γ is the optical confinement factor, L the cavity length, ∆F the quasi-Fermi 
level separation, and T the effective temperature. Except for the proportionality 
constant, this expression is equal to equation 2.16 for the ASE rate derived in 
section 2.2.3. The proportionality constant includes beside the physical constants 
from 2.16 also the detection efficiency factor.  
The gain calculation is based on a non k-conserving band-to-band 
recombination model [14], which is implemented in a nonlinear least squares fitting 
procedure. Despite the lack of a firm theoretical basis, the applicability of the model 
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Figure 5.3: The time evolution of the effective temperature [panel (A)] and the carrier 
density [panel (B)] obtained from a best line shape fit to the ASE spectra in figure 5.1. 
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has been proven in describing gain and spontaneous emission spectra [15]-[17]. 
Although for an appropriate physical description collision broadened k-conserving 
recombination models [18] are more suitable, the non k-conserving model 
essentially yields similar results for the effective temperature and the carrier density 
in a line shape analysis [17]. In particular, the high-energy tail of the ASE spectrum 
does not depend on the specific details of the used recombination model, since the 
gain term in equation 5.1 is negligible for high photon energies, as is pointed out in 
section 2.2.3 (equation 2.17). Additionally, the main goal is to derive trends for the 
carrier density and effective temperature and not to determine absolute values for 
these parameters (see also the discussion in section 2.2.2). 
Secondly, we assume that the carriercarrier scattering is so efficient that the 
electron and hole populations can be described by Fermi-Dirac distribution 
functions with an effective carrier temperature [19]. Although the electron and hole 
distributions initially have different temperatures due to their different effective 
masses, we assume that both populations quickly equilibrate (within 30 fs [20]) to a 
common effective temperature by electronhole scattering. 
As can be seen from figure 5.1 panel (A2) and (B2), the calculated spectra 
describe the experimental data very well. The less adequate fit to the low-energy 
tails is inherent to the used recombination model, because it does not incorporate 
below bandgap transitions. The extracted values for the effective temperature and 
carrier density as a function of time delay are plotted in figure 5.3. The relative 
uncertainty in the fitting parameters is about 5%. The optical pulse induced 
stimulated emission leads to a sharp rise (60 K) of the effective temperature. At the 
same time the carrier density decreases by 10 %. When the laser pulse has passed 
the amplifier, stimulated emission is no longer induced and the effective 
temperature drops rapidly and the carrier number should have reached its final 
value. However, the fitted carrier density slightly tends to increase between t = 0 ps 
and t = 10 ps. This is probably an artifact of the nonlinear least squares fitting 
procedure, in which a heavier weight is assigned to the high-energy tail data.  
The effective temperature rise due to stimulated recombination heating can be 
estimated by a rough calculation. Assuming that the total energy of the carrier 
distribution Utot is reduced by the total number of recombining carriers ∆N times 
the reduced mass carrier energy Ec,v (= incident photon energy), the following set 
of equations can be solved for the quasi-Fermi level and the effective temperature: 
 ∫ −=⋅⋅ ,∆)()( ,, NNdEEfEρ vcvc  (5.2) 
 ∫ ⋅−=⋅⋅⋅ ,∆)()( ,,, vctotvcvc ENUdEEfEρE  (5.3) 
where ρ(E) is the density of states and f(E) the Fermi-Dirac distribution function. 
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Equation 5.2 expresses the final carrier density and equation 5.3 the final total 
energy. In this approximation an instantaneous reduction of the carrier density is 
assumed and the relaxation of the carriers is neglected. As a consequence, the 
calculated effective temperatures form an upper limit of the effect. In figure 5.4 the 
calculated electron and hole temperatures are plotted as of function the carrier 
density reduction. Owing to the heavier hole mass, stimulated emission affects the 
hole temperature less than the electron temperature. If the carrier density decreases 
by 10%, the electron temperature rises by 80 K and the hole temperature by 30 K. 
Although the calculation overestimates the effect of stimulated recombination 
heating, these numbers are consistent with the results of the line shape analysis. 
5.5 Energy dependence of the ASE time evolution 
In this section, we analyze the energy dependence of the ASE time evolution traces 
in figure 5.2 by deriving independently the relative contributions of the carrier 
density and of the effective temperature to the ASE signal change (see figure 5.5 for 
a graphical clarification of the definitions). Since the carrier temperature reaches 
equilibrium on a picosecond time scale and the carrier density recovers after 1.5 ns, 
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Figure 5.4: The electron and hole temperature as a function of the 
change of the carrier density due to stimulated recombination. 
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the change of the ASE signal level at t = 20 ps with respect to the signal level at 
t = -10 ps can solely be attributed to the reduced carrier population (∆N). The 
contribution of the effective temperature (∆T) is obtained from the change of the 
signal level at t = 0 ps with respect to the signal level at t = 20 ps, when it is 
assumed that at t = 0 ps the carrier distributions are thermalized through fast 
carriercarrier scattering. The combined effect of carrier heating and carrier density 
depletion [∆(N+T)] is found from the change of the signal level at t = 0 ps with 
respect to the signal level at t = -10 ps, which expresses thus the total ASE signal 
change.  
From the result, which is plotted in figure 5.6, it can be seen that the effective 
temperature affects the ASE intensity only in a limited region, while the change of 
the carrier density has an impact over the entire spectral range. Secondly, the 
maximum of the ASE signal change stemming from the elevated effective 
temperature occurs at 1.59 eV, while the signal change due to the reduced carrier 
density peaks at 1.62 eV. It should be noted that neither these maxima nor the 
maximum of the total ASE signal change coincides with the wavelength of the 
picosecond laser (1.578 eV). 
In order to clarify this behavior, we examine the system response by computing 
the partial derivatives of the ASE rate to the effective carrier temperature 
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Figure 5.5: Definitions of the relative ASE signal changes that are 
used in section 5.5 and in figure 5.6. 
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[∂SASE(E)/∂T]N and to the carrier density [∂SASE(E)/∂N]T. Whereas these derivatives 
indicate how the ASE rate is likely to change at one specific carrier density and 
effective temperature, the data in figure 5.5 represent the integrated change of the 
ASE intensity. Therefore, this analysis only provides a qualitative picture. We use 
equation 5.1 to calculate the ASE rate and assume for a more appropriate physical 
description that the k-selection rule applies in calculating the gain coefficient. The 
partial derivatives are obtained by numerical differentiation. Under typical bias 
conditions (N = 3.2 1018 cm-3, T = 320 K), the derivatives show that the ASE rate is 
sensitive to the effective carrier temperature mainly in the gain region, while its 
sensitivity to the carrier density extends over the full experimental range (see figure 
5.7).  
The calculation qualitatively agrees with the experimental data. The rapid 
carrier temperature related dynamics is absent above 1.66 eV. Consequently, above 
this energy the decrease of the carrier density (and therefore the decrease of the 
ASE signal) should follow the integral of the pulse intensity. For this reason, the fall 
time of the ASE intensity increases from 0.8 ps in the gain region to about 2 ps at 
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Figure 5.6: The relative change of the ASE signal due to the decrease of 
the carrier density ∆N (solid squares) and the relative change of the ASE 
signal due to effective temperature change ∆T (solid dots) versus detection 
energy. The total relative change of the ASE signal ∆(N+T) is indicated by 
the open triangles. 
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higher energies. Further, the calculation clearly shows that the response of the ASE 
rate to a change in effective temperature peaks at a different energy than the 
response to a carrier density change. This is related to the specific details of the 
Fermi-Dirac distribution functions, as will be explained in section 5.5.1. 
Initially, the optical pulse induced stimulated emission bleaches the carrier 
distributions at one specific energy level, forcing them into a state of non-
equilibrium. This process is usually called spectral hole burning. Owing to the fast 
carriercarrier scattering time (< 30 fs [20]), the carriers quickly rearrange to a 
thermalized distribution with a lower carrier density and a higher effective 
temperature. From pump-probe experiments, it is has been concluded that the 
thermal equilibrium is established within 50 fs [21]. The strong similarity between 
the calculation in figure 5.7 and the experimental data in figure 5.5 confirms the 
rapid thermalization of the carriers. The actual spectral shape of the relative ASE 
intensity change in figure 5.5 does not depend on the wavelength of the picosecond 
pulse, but merely on the local response of the ASE to a change of the effective 
temperature and of the carrier density. If spectral hole burning were present, one 
would expect that the maximum of the change in ASE intensity coincides with the 
excitation wavelength of the optical pulse. The data proof that this is not the case. 
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Figure 5.7: Partial derivatives of the ASE rate versus energy. Between 1.66 eV 
and 1.72 eV the ASE rate is still sensitive to the carrier density (solid line) but 
not to the effective carrier temperature (dashed line). 
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The amount of stimulated recombination heating depends on the induced change 
of the total energy in the carrier distributions, which is obviously a function of the 
carrier energy and the number of recombining carriers. 
5.5.1 Analysis of the carrier occupation number 
A better physical understanding of the effective temperature and carrier density 
dependence of the ASE intensity is obtained by examining the carrier occupation 
numbers as a function of these parameters. In figure 5.8 panel (A) the electron and 
hole Fermi functions fc,v and the inversion are plotted for three different carrier 
densities at a fixed effective temperature. In order to be able to compare the 
occupation numbers of electron and hole states with the same k-vector, the reduced 
mass carrier energy Ec,v expressed by equation 2.13 is used. The inversion, which is 
defined by fc - (1 - fv), is proportional to the gain and thus a measure for the ASE 
intensity. If the carrier density decreases, the occupancy of all electron and hole 
states lowers. As a result the inversion decreases over the entire energy range. 
In figure 5.8 panel (B) the Fermi functions and inversion are plotted for three 
different effective temperatures at a fixed carrier density. For an increase of the 
effective temperature, the analysis is more complicated. In the conduction band the 
occupancy of electron states below the quasi-Fermi level decreases, while above the 
quasi-Fermi level the occupancy increases. For the contribution of the electrons to 
the inversion, this implies that in the gain region the inversion decreases, while at 
higher energies the inversion increases. Since the electron density remains 
unchanged, the quasi-Fermi level shifts to lower energy. Therefore, the Fermi 
functions do not cross at an occupation number of 1/2.  
In the valence band all occupied hole states are below the hole quasi-Fermi 
level. To keep the total hole number unchanged, the hole quasi-Fermi level shifts to 
higher energy as the effective temperature increases. In the present energy range 
the occupancy of hole states with the appropriate k-vector, and therefore the 
inversion, decreases. The net effect of the occupation number changes in the 
conduction and valence band is that the inversion shows an enhanced reduction in 
the gain region, whereas between 1.66 eV and 1.72 eV the consequences of the 
depleted hole states are counterbalanced by the denser populated electron states. As 
a result, the ASE spectral intensity possesses a stronger effective temperature 
sensitivity in the gain region than at higher energies. 
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Figure 5.8: The Fermi-Dirac distribution for the electrons and holes as a 
function of the carrier energy Ec,v. Panel (A) shows the distributions and 
inversion for three different carrier densities at a fixed effective 
temperature. Panel (B) shows the distributions and inversion for three 
different effective temperatures at a fixed carrier density. 
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5.6 Conclusions 
In summary, the edge-emitted ASE spectral intensity exhibits a very strong dynamic 
response to injection of intense optical pulses in the amplifier waveguide. Time 
resolved measurements of the ASE spectra have been used to monitor the carrier 
dynamics. The ASE intensity shows a rapid decline due to stimulated emission 
induced carrier density depletion and carrier heating. In the gain region the ASE 
signal recovers in a two-step process. A rapid recovery to an intermediate level 
occurs due to cooling of the carriers. The time constant of this process is about 
2.6 ps, which is consistent with earlier experimental [4] and theoretical [13] work. 
The long-term recovery (t = 900 ps) is due to replenishment of the carrier density 
by the external bias. 
A line shape analysis shows that the ASE spectra are well described using a 
simple band-to-band recombination model. From the time evolution of the electron 
hole plasma parameters, it can be concluded that the optical pulse induced 
stimulated emission yields an increase of the effective temperature by 60 K and a 
decrease of the carrier density by 10%. These results are consistent with a rough 
calculation of the stimulated recombination heating effect. 
The energy dependence of the relative change of the ASE intensity is analyzed 
by an evaluation of the partial derivatives of the ASE rate to the effective 
temperature and to the carrier density. It is found that the ASE intensity has a 
strong response to a change of the carrier density in the entire experimental range, 
whereas the response to a change of the effective temperature is mainly limited to 
the gain region. For the case of thermalized carrier distributions, this behavior is 
explained by an evaluation of the electron and hole occupation numbers. 
5.6.1 Consequences for high speed modulation 
The picosecond transient in the ASE spectral intensity due to carrier heating 
demonstrates that the modulation speed of semiconductor optical amplifiers and 
laser diodes can potentially be extended to the 100 GHz range. However, in our 
experiments the origin of carrier heating is stimulated recombination heating, 
which is not applicable as an autonomous control of the device gain owing to its 
interrelation with the carrier density depletion. The modulation of semiconductor 
lasers based on dynamic carrier heating requires besides control of the carrier 
injection rate an independent control of the energy of the injected carriers. To meet 
this technological challenge three-terminal laser structures have been proposed, in 
which a hot electron or a bipolar transistor is integrated with a laser diode [22], [23].  
The technical implementation of this design is investigated at the Eindhoven 
University of Technology [24]. 
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Chapter 6    
Time-resolved gain cross talk in a 
semiconductor optical amplifier 
Abstract 
The gain dynamics in a semiconductor optical amplifier is studied by time-resolved 
cross talk measurements using picosecond excitation pulses and a continuous wave 
probe. The combined effect of carrier density depletion and stimulated recombination 
heating causes a picosecond collapse of the amplifier gain. Calculations show that 
the total gain change of 700 cm-1 is obtained for an effective temperature rise of 
50 K and a carrier density depletion of 10%. It is shown that stimulated 
recombination heating is the principle cause of nonlinear gain saturation in the 
amplifier. 
6.1 Introduction 
Recently established all-optical wavelength conversion techniques using 
semiconductor optical amplifiers (SOAs) are of major importance for future high-
speed fiber communications [1]-[3]. Optical wavelength conversion allows the 
transfer of an optical signal to another wavelength without entering the electrical 
domain and is therefore important for all-optical signal processing. Several 
wavelength conversion methods, based on cross gain modulation (XGM) [1], cross 
phase modulation (XPM) [2] and four-wave mixing (FWM) [3] have been 
demonstrated thus far. The working principle of all these techniques is based on the 
occurrence of cross talk between the optical signals in an SOA, which is caused by 
the interactions of photons with the charge carriers in the active layer. 
In figure 6.1 the optical wavelength conversion technique is schematically 
shown. In conjunction with a pulsed (coded) laser beam a continuous wave (CW) 
laser beam is coupled to an SOA. Owing to the cross talk between both lasers inside 
the amplifier waveguide, the information carried by the pulsed laser is 
superimposed on the CW laser.  
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In this chapter, we demonstrate the wavelength conversion technique using 
picosecond optical pulses and a tunable CW laser. It is shown that the cross talk 
between the short optical pulses and the CW laser beam leads to a modulation of the 
CW laser intensity. As an exploit of this effect, optical pulses can be used to code the 
CW laser. 
In the experiment, the induced cross talk of the CW laser beam is measured 
with picosecond time resolution using a conventional upconversion scheme [4]. The 
tunable narrow bandwidth CW laser allows probing of the transients in the 
amplifier gain in a broad energy range. Stated differently, in this time-resolved 
wavelength conversion experiment, we measure directly the gain dynamics in the 
SOA. An important advantage of this method over the more common pulsed pump-
probe experiments [5-7] is the narrow bandwidth of the CW probe, which allows a 
precise and local probing of the carrier distributions. Moreover, since the intensity 
of the CW probe is relatively low, the CW probe itself is not inducing any side 
effects.  
By examining the gain dynamics, a clear understanding of the dynamic 
response of the carriers in the active layer to the strong intracavity optical fields and 
in particular of the nonlinear gain saturation in the SOA is obtained, which is 
necessary for improving optical wavelength conversion applications. 
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Figure 6.1: Optical wavelength conversion: a CW laser and a pulsed (coded) laser 
beam are jointly coupled to an SOA. Cross talk between both lasers in the SOA 
imposes the code carried by the pulsed laser onto the CW laser. 
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6.2 Experimental 
The time-resolved wavelength conversion experiment is schematically depicted in 
figure 6.2. The output of a picosecond (800 fs) Ti:sapphire laser is split into an 
excitation pulse and a gating pulse. The excitation pulse and a CW Ti:sapphire laser 
beam, which is employed as the narrow bandwidth probe, are jointly coupled to the 
front facet of the SOA with a microscope objective. The CW probe is collected at the 
rear facet of the amplifier with a similar microscope objective. In order to block the 
excitation pulse after its passage through the device, the polarization of the CW 
probe is set orthogonal to the polarization of the excitation pulse. The other pulse is 
given a variable time delay and acts as the gating pulse in a nonlinear LiIO3 crystal. 
Owing to the nonlinearity of the crystal, phase-matching of the CW probe with the 
picosecond gating pulse results in the so-called upconverted signal at the sum 
frequency, which is measured by a monochromator and a photomultiplier in a 
gated photon counting detection scheme (see section 3.3.3).  
By varying the time delay of the gating pulse, the time evolution of the cross 
talk signal at a given wavelength is obtained. A measurement of the gain spectrum 
at a fixed time delay requires that the tuning of the CW laser wavelength is 
synchronized with a calibrated adjustment of the crystal phase-matching angle and 
the monochromator grating. The SOA is based on the AlGaAs/GaAs material system 
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SOA
 θ
Gating Pulse
Excitation Pulse
Time Delay
Spectrometer
Crosstalk inBias
CW Probe
ωupc
ωCW
ωps
CW Probe
 
Figure 6.2: The time-resolved wavelength conversion experiment. The CW probe 
and the excitation pulse are jointly coupled to the SOA. After passage through the 
device the CW probe is co-focused with the gating pulse in the nonlinear crystal 
generating the upconverted signal provided that the phase-matching conditions are 
satisfied. 
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and is described in detail in section 3.1. A complete schematic representation of the 
experimental setup is shown in figure 3.6. Further experimental details can be 
found in section 3.5.5. 
6.2.1 Experimental results 
In figure 6.3 the wavelength conversion technique is demonstrated. The optical 
pulse induces a sawtooth-like modulation of the CW laser intensity. The wavelength 
difference between the optical pulse and the CW laser is 5 nm (~10 meV). The CW 
laser intensity shows a very steep response to the optical pulse and recovers after 
1.5 ns. In the following, this behavior is examined in more detail. 
The intensity Pout of the CW probe after propagation through the SOA is 
directly related to the amplifier optical gain, which can be expressed as 
 LαtωG intineffout ePCtωP
)),((Γ),( −⋅⋅= hh , (6.1) 
                                                          
2 This graph is composed from a single measurement of the full response of the CW laser 
beam to the picosecond optical pulse. 
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Figure 6.3: Illustration of wavelength conversion: the intensity of a 
continuous wave laser at wavelength λCW is modulated by picosecond 
laser pulses at wavelength λps.2 The CW laser and the pulsed laser are 
5 nm in wavelength apart. 
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where Pin is the input intensity, Γ the optical confinement factor, G(ћω, t) the optical 
gain at time t, αint the internal waveguide losses, and L the cavity length. If the 
coefficient Ceff that accounts for all coupling and detection efficiencies was known, 
the absolute value of the optical gain could be obtained. Instead the experiment is 
calibrated by normalizing the transmission data with the measured intensity close to 
the band gap Pout(Egap), where the optical gain ideally equals zero. Thus from 
equation 6.1, it follows that the optical gain can be expressed as 
 )].(/),(ln[
Γ
1),( gapoutout EPtωPL
tωG hh ⋅=  (6.2) 
By this procedure, the input intensity, coupling losses and waveguide losses are 
eliminated. The uncertainty in the absolute scale is about 50 cm-1. The detection 
efficiency and the efficiency of the upconversion process are calibrated separately.  
Gain spectra measured at different time delays are plotted in figure 6.4. The 
SOA is biased at 90 mA and the wavelength of the picosecond excitation pulse is 
centered at the peak gain (1.588 eV). The spectrum at t = -10 ps is taken before the 
pulse arrival and thus shows the unperturbed gain. The spectrum at t = 1 ps is 
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Figure 6.4: Gain spectra measured before (t = -10 ps) and after (t = 20 ps) the 
arrival of the picosecond pulse in the amplifier waveguide. The gain spectrum for 
t = 1 ps is measured when the induced cross talk has reached its maximum. Signal 
intensities are measured over three orders of magnitude. 
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measured under fully saturated conditions, meaning that the intensity of the 
excitation pulse is raised to such a level that the induced cross talk is maximum. In 
other words, the CW laser probes the saturated gain. From the figure, it can be seen 
that the excitation pulse causes a dramatic collapse of the gain in the entire spectral 
range. After the pulse passage gain recovery takes place in a two-stage process. The 
spectrum at t = 20 ps shows the gain recovered to its intermediate level. It should 
be noted that the data for G < -800 cm-1 are measured close to the detection limit of 
the setup. 
The temporal behavior of the gain dynamics is better seen in figure 6.5, in 
which the time evolution traces of the CW probe at different energies are plotted. As 
the leading edge of the excitation pulse enters the waveguide, the gain starts to 
drop with a time constant that is comparable to the rise time of the pulse. The gain 
reaches its minimum value at t = 1 ps. After the pulse, the initial rapid recovery of 
the gain is followed by a slow recovery (not shown in this figure, but the behavior is 
similar to response curves shown in figure 6.3). The intermediate level is reached 
after 10 ps, whereas the complete recovery is attained within the repetition time 
(≈10 ns) of picosecond laser after 1.5 ns (see figure 6.3).  
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Figure 6.5: Time evolution of the CW probe intensity at energies below (curves at the 
left side) and above (curves at the right side) the picosecond laser energy. Here, the SOA 
is biased at 60 mA. 
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6.2.2 Discussion 
The amplifier optical gain depends strongly on the key properties of the carrier 
distributions in the active layer, namely the carrier density and the effective 
temperature. Therefore, the observed behavior can be interpreted due to changes 
of the carrier density and the effective temperature. Since the excitation pulse is 
centered at the unsaturated peak gain, strong stimulated emission is induced. 
Owing to this extra recombination channel the carrier density decreases. In 
addition, stimulated emission is an important source of carrier heating. In the gain 
region the energy of recombining electrons and holes is generally lower than the 
average carrier energy. By removing these relatively cool carriers from the 
distributions, the average energy of the remaining carriers increases leading to a 
higher effective temperature. This carrier heating mechanism is usually referred to 
as stimulated recombination heating [8].  
In figure 6.6 the gain difference ∆G that is derived from the gain spectra in 
figure 6.4 is plotted as a function of the probe energy. Absolute values for the gain 
difference can be directly obtained form the measured data, since from rewriting 
equation 6.2, it follows that 
 ( ))],(ln[)],(ln[
Γ
1),(),()(∆ 2121 tωPtωPL
tωGtωGωG outout hhhhh −⋅=−= . (6.3) 
From this equation, it is evident that no single calibration enters in this analysis. 
Panel (A1) shows the short-term gain difference given by [G(1 ps)  G(20 ps)] and is 
related to the fast carrier dynamics. The short-term gain recovery has a time 
constant of 3.0 ps, which is obtained from an exponential fit of the time evolution 
traces in figure 6.5. In earlier experimental [5] and theoretical [9] work a similar 
time constant has been found, which was assigned to the inelastic phonon scattering 
cooling process. Therefore, the observed gain suppression is attributed to an 
increase of the effective temperature. The long-term gain difference obtained from 
[G(20 ps)  G(-10 ps)] reflects the gain change due to the reduced carrier number 
and is shown in panel (B1). The gain difference at the unsaturated peak gain energy 
(1.588 eV) is 300 cm-1 and is of similar magnitude as the short-term gain difference. 
From a typical value for the differential gain (∂G/∂N =7.5∙10-16 cm2 [10]) the total 
carrier density change is estimated to be 4∙1017 cm-3. For lower bias currents 
(Ibias = 60, 70, and 80 mA) the observed gain differences have a similar shape, but 
are of smaller magnitude. 
Panel (A2) and panel (B2) show the calculated gain difference due to the change 
in effective temperature and carrier density, respectively. In this calculation the gain 
is calculated using both a non k-conserving band-to-band recombination model 
(equation 2.11 in section 2.2.1) and a k-conserving recombination model (equation 
2.12 in section 2.2.1).  
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Figure 6.6: The short-term [panel (A1)] and long-term [panel (B1)] gain difference as a 
function of probe energy derived from the data in figure 6.4. The calculated gain 
difference for ∆T = 45 K and for ∆N = 0.4∙1018 cm-3 are shown in panel (A2) and 
panel (B2), respectively. The solid curves are calculated assuming that k-conservation 
applies, while the dashed curves are calculated without k-conservation. 
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The initial values of the effective temperature and the carrier density for the 
unperturbed gain in the calculations are taken in accordance with the values found 
from the line shape analysis in section 5.4. The calculations demonstrate that the 
observed gain differences are best described using the k-conserving recombination 
model. Although the non k-conserving model is suitable for modeling the full line 
shape of emission and gain spectra, it is less applicable for describing the physical 
details of the observed gain changes (see also the discussion in section 2.2.2). It is 
found that the observed short-term gain difference corresponds with a 45 K rise of 
the effective temperature. The temperature sensitivity is strongest at 1.61 eV. This 
maximum is also found with the k-conserving model, whereas the non k-conserving 
model goes off scale. The long-term gain difference is fitted by a 4∙1017 cm-3 
reduction of the carrier density. In this case the difference between the two 
calculations is not so pronounced, but k-conserving model describes the observed 
gain difference in better detail. The results for the gain spectra presented here are 
consistent with the analysis of the amplified spontaneous emission (ASE) spectral 
measurements in section 5.4. 
6.2.3 Impact on modulation 
In this section, the implications for modulation of the CW laser are considered. In 
order to maintain the maximum laser output and the modulation depth at a 
constant level, only after the complete recovery of CW laser output the next bit 
can be coded by applying the next picosecond pulse. This coding scheme is 
illustrated in figure 6.3. As shown by the gain measurements, cross gain modulation 
relies strongly on the modulation of both the carrier density and the effective 
temperature. However, the modulation speed is determined by the time constant 
that is associated with the slowest recovery process, namely the effective carrier 
lifetime. Since the effective carrier lifetime in an SOA is typically in the range of 
100 ps - 1 ns [11], the achievable modulation speed for this scheme is in the range of 
1 - 10 GHz.  
High-speed optical wavelength conversion at 40 Gbit/s has been demonstrated 
using optimized SOA designs [12]. The effective carrier lifetime is reduced by 
operating the device at high current and by increasing the stimulated 
recombination rate, in particular the ASE rate. The latter is achieved by using long 
waveguides and by designing devices with a high optical confinement factor. 
Although uniform long waveguide devices are more difficult to fabricate, effective 
carrier lifetimes down to 60 ps have been demonstrated in 1500 μm long 
waveguides [13]. 
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Figure 6.7: Gain spectra at a bias current of 70, 80, and 90 mA are measured at t = -10 ps 
[unperturbed spectra, panel (A1)], at t = 1 ps [saturated regime, panel (B1)], and at t = 20 ps 
[intermediate recovery, panel (C1)]. The energy of the picosecond excitation pulse is depicted 
by λps. The corresponding calculated spectra are shown in the panels A2, B2, and C2. 
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6.3 Gain saturation 
In this section, we consider the gain saturation of the SOA in more detail. The 
origin of the nonlinear gain saturation in both semiconductor lasers and SOAs has 
intensively been studied due to its potential for ultrafast modulation. In 
experimental studies generally pulsed pump-probe techniques are used [6], which 
probe the carrier distributions only at fixed energy. Here, we use the time-resolved 
gain cross talk technique to examine the spectral properties of the gain saturation.  
Gain spectra at three different bias currents are plotted in figure 6.7. Panel (A1) 
shows the gain spectra at 70, 80 and 90 mA in the unperturbed regime, before the 
arrival of the picosecond pulse. With increasing bias current the peak gain increases 
and the transparency point (G(ħω) = 0) shifts to higher energy. In the saturated 
regime all three gain spectra coincide and the common transparency point is shifted 
to lower energy (1.599 eV), as can be seen from panel (B1). In the measured energy 
there is no clear dependence on the bias current visible. In panel (C1) the gain 
spectra are plotted after the fast intermediate recovery. The curves do not longer 
overlap. Both the peak gain and the transparency point again increase with higher 
bias current. 
In order to understand these observations, we modeled the experiment using 
equation 6.2. The gain was calculated using the non k-conserving recombination 
model. The results of the calculation are plotted in figure 6.7 panel (A2), (B2) and 
(C2). The observed behavior in the unperturbed regime, in which the steady state 
gain spectra are measured, is straightforward to understand. A higher bias current 
leads to a higher carrier density and therefore to a higher gain. The peak gain 
increases and the transparency point shifts to higher energy. Although the 
contribution of injection heating increases with a higher bias current, it is assumed 
that this effect does not lead to a significant further increase of the effective 
temperature in this current range. The calculation in panel (A2) shows that the gain 
spectra are well described by a mere increase of the carrier density.  
Next, we consider the saturated regime. The saturation in the SOA is complete 
when the population inversion is reduced to a level where the saturated gain G(Eps) 
equals the cavity losses, meaning that the amplifier has become transparent for the 
incident photons. Apparently, towards saturation the carriers rearrange to a 
distribution with a lower carrier density and a higher effective temperature 
(including the effect of stimulated recombination heating), in such a way that the 
quasi-Fermi level separation is slightly greater than the incident photon energy. 
Therefore, the remaining gain in the SOA at that energy G(Eps) is just sufficient to 
compensate for the cavity losses. In the experiment, it is found that Eps is 11 meV 
smaller than the transparency point. The saturated gain G(Eps) is clamped at 
130 cm-1, independent of the bias current.  
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Figure 6.8: The amplifier gain at 1.58 eV [panel (A1)] and at 1.60 eV [panel (B1)] as a function 
of bias current. The gain is measured for the unperturbed regime (t = -10 ps), the saturated 
regime (t = 1 ps) and the intermediate recovered regime (t = 20 ps). Panel (A2) and panel (B2) 
show the gain difference as a function of bias current related to the carrier density (∆GN) and to 
the effective temperature (∆GT) at 1.58 eV and 1.60 eV, respectively. 
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Before further analyzing the gain saturation, we discuss the gain spectra after 
the fast intermediate recovery. Referring to section 6.2.2, these gain spectra reflect 
the depleted carrier distributions after relaxation of the effective carrier 
temperature. Owing to the higher initial gain, the carrier density depletion 
resulting from stimulated emission increases with higher bias current. From the 
calculation of the gain spectra in panel (C2), it is found that for the measured 
current range the saturated carrier density increases from 3.07 to 3.18∙1018 cm3. 
Using the initial values from panel (A2), this implies that the carrier density 
depletion increases from 0.38 to 0.54∙1018 cm3. Since with increasing carrier 
depletion also the effect of the associated stimulated recombination heating becomes 
larger, the amplifier saturates at 90 mA at a higher effective temperature than at 70 
mA. The calculation in panel (B2) demonstrates that the saturated gain spectra are 
well modeled for the given carrier density depletions by an increase of the effective 
temperature from 37 K to 55 K and that in the accessible experimental range these 
gain spectra coincide. 
In the experiment shown in figure 6.8 the gain saturation is examined as a 
function of bias current. The energy of picosecond excitation pulse is fixed at 
1.588 eV. By sweeping the bias current, the operation of the SOA is tuned from 
absorption via transparency into gain. Panel (A1) shows the gain versus current 
relation at a smaller energy (1.58 eV) than the excitation pulse, while panel (B1) 
shows the gain versus current relation at a higher energy (1.60 eV). The traces are 
measured for the steady state or unperturbed regime (t = -10 ps), the saturated 
regime (t = 1 ps), and the intermediate recovered regime (t = 20 ps). In all cases, 
the gain rapidly increases with bias current. At Ibias = 34 mA the SOA is transparent 
for the picosecond excitation pulse. At this current the steady state gain curve 
intersects the intermediate recovered gain curve, which means that there is no net 
stimulated emission and therefore no carrier density change. For Ibias > 34 mA the 
saturated gain curve strongly bends away from the steady state gain curve and 
approaches a nearly constant value. This behavior occurs, because the gain is 
clamped at excitation pulse energy.  
In figure 6.8 panels (A2) and (B2), the gain difference due to the change in 
carrier density ∆GN and the gain difference related to the effective temperature ∆GT 
are plotted as function of bias current. These gain differences are obtained from the 
traces in the panels (A1) and (A2) in a similar way as is described in section 6.2.2. 
From the plot of the gain differences, it is clearly seen that the contribution of ∆GN 
and ∆GT to the gain saturation are of similar magnitude and importance (350 cm-1). 
At 1.60 eV the slope is steeper than at 1.58 eV, which is consistent with the 
calculation of figure 6.6 that indicates a stronger carrier density and effective 
temperature dependence at 1.60 eV than at 1.58 eV. Below the transparency 
current (Ibias = 34 mA) the picosecond pulse is (partially) absorbed, which leads to a 
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higher carrier density. In absorption (Ibias < 34 mA) there is only a minor effect on 
the effective temperature. Panel (A2) suggests a small positive gain change ∆GT, 
whereas panel (B2) indicates a small negative gain change. Absorption can either 
raise or lower the effective temperature depending on the energy of the absorbed 
photon with respect to the average carrier energy. However, since both spectra are 
measured under the same conditions, the effective temperature change and thus 
the gain difference ∆GT should have the same sign at 1.58 eV and at 1.60 eV. 
Therefore, the positive gain change for Ibias < 34 mA in panel (A2) can only be 
attributed to experimental noise.  
Another feature is the negative gain difference ∆GT at the transparency current 
in panel (B2), where ∆GN = 0. Since stimulated recombination heating vanishes at 
transparency, another process is responsible. In pump-probe experiments a similar 
effect is observed at transparency, which is attributed to free carrier absorption [5]. 
This intraband process gives rise to carrier heating without increasing the carrier 
number. The contribution of free carrier absorption to carrier heating is quite small, 
because its value is in the order of 10 cm-1 [6, 14]. 
So far the relevance of spectral hole burning for the gain saturation was not 
discussed. Spectral hole burning is a localized depletion of the carrier number 
around the excitation pulse energy. The existence of these non-equilibrium carrier 
distributions causes the SOA to saturate at a higher carrier density. Although owing 
to the pulse limited time resolution the contribution of spectral hole burning to the 
gain non-linearity cannot be resolved in the experiments presented here, Monte 
Carlo simulations show that its occurrence is not very likely [15]. Nevertheless, 
several authors argue that the effect of spectral hole burning is present in their 
experimental pump-probe data [6, 7]. Our gain spectra in figure 6.7 panel (B1) do 
not show any spectral anomalies at the excitation pulse energy. However, if spectral 
hole burning were present, it could be identified by a too high value for the 
interpolated clamped (saturated) gain G(Eps), meaning that the clamped gain equals 
the internal losses plus an additional factor due to spectral hole burning. From the 
gain spectra, a value of 130 cm-1 is found for G(Eps), which is rather high, since the 
internal waveguide losses are typically in the order of 50 cm-1 [16]. This discrepancy 
can be accounted for by the uncertainty in the calibration of the absolute scale in 
figure 6.7. Hence, we conclude that only carrier density depletion and nonlinear 
gain saturation arising from the associated stimulated recombination heating are the 
responsible processes for gain saturation in SOAs. 
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6.4 Conclusions 
In summary, we have demonstrated optical wavelength conversion by using 
picosecond optical pulses to code a continuous wave laser beam. Besides its 
technological potential, this technique provides a powerful method to directly study 
the gain dynamics in an SOA. Time-resolved measurements of the gain spectra 
allow the determination of the absolute value of the gain suppression, which is 
induced by the picosecond optical pulses. 
Cross talk in the SOA causes a dramatic collapse of the gain in a broad energy 
range. Due to the combined effect of carrier density depletion and stimulated 
recombination heating, the gain drops with a time constant that is comparable to 
the rise time of the picosecond pulse. The gain recovers in a two-step process. The 
first fast recovery (3.0 ps) is due to cooling of the carriers. This process is followed 
by replenishment of carrier distributions by the external bias. The speed of this 
relatively slow recovery (900 ps) is governed by the effective carrier lifetime. Hence, 
the effective carrier lifetime limits the modulation speed of wavelength converters 
based on cross gain modulation. 
The gain suppression due to the carrier density depletion and the gain 
suppression due to the effective temperature rise are of similar magnitude 
(350 cm-1). From gain calculations using a simple band-to-band recombination 
model, it is found that these gain changes are well described by an increase of the 
effective temperature by 45 K and a decrease of the carrier density by 4∙1017 cm-3. 
By measuring saturated gain spectra under different biasing conditions, a direct 
relation between the carrier density depletion and stimulated recombination 
heating is demonstrated. The nonlinear gain saturation in the SOA is solely 
attributed to stimulated recombination heating.  
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Summary 
The development of directly modulated picosecond laser diodes might become the 
next step in boosting the capacity of long haul optical communication systems. 
Traditionally, laser diodes are modulated by controlling the injection current. The 
optical output of the device responds to the current controlled modulation of the 
carrier density. The speed of this process is governed by the relatively slow carrier 
lifetime (~1 ns). In this thesis, we follow a different approach; we explore the 
possibilities and the limitations of utilizing the internal dynamics related to changes 
in the carrier temperature, which are intrinsically faster, to shift the modulation 
speed of laser diodes to the picosecond range. 
This thesis describes optical experiments on anti-reflectivity coated laser diodes 
or so-called semiconductor optical amplifiers (SOAs). Besides the significance of 
SOAs as building blocks in optical communication systems, the use of SOAs is 
beneficial in that these devices allow the detection of edge-emitted amplified 
spontaneous emission (ASE) spectra without hindering interference effects or a 
longitudinal mode pattern. Therefore, these spectra can be used to determine the 
properties of the carrier distributions in the device. In the experiments, ultrashort 
(1 ps) optical pulses are injected into the waveguide of the SOA in order to induce 
interactions of the charge carriers and photons, which are similar to the effects in 
real laser diodes. By adapting the photoluminescence upconversion scheme, we can 
spectrally resolve the optically induced changes of the carrier distributions and 
therefore monitor the carrier dynamics with picosecond time resolution. 
In chapter 1, a brief historical review of some important aspects of optical 
communications is given and the motivation for this work is elucidated. In 
chapter 2, we introduce the theoretical expressions for spontaneous emission, 
stimulated emission and optical gain in semiconductors, which are used for the 
analysis and the interpretation of the experimental emission and gain spectra. We 
briefly discuss the applicability of the models used for the line shape analysis of the 
ASE spectra. It is argued that a simple band-to-band recombination model 
neglecting k-conservation gives satisfactory results in describing the ASE spectral 
lineshape and that this model provides a practical tool for determining trends from 
these spectra for the behavior of the carrier density and of the effective 
temperature. However, for a proper understanding of the physical origin of the 
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optically induced spectral changes momentum conservation should be taken into 
account.  
A detailed description of the experimental techniques and procedures is 
presented in chapter 3. First, the semiconductor optical amplifier is introduced and 
the excitation method is discussed. In the following sections, we explain our 
background free signal detection scheme and detail the upconversion technique and 
our experimental setup, which are used to measure ASE and gain spectra with 
picosecond time resolution. 
In the experiments that are presented in chapter 4 a tunable continuous wave 
laser is used to probe the spectral response of an SOA under steady state operation. 
It is shown that the response of the ASE spectral intensity reveals intrinsic 
properties of the SOA, such as the gain profile and the dependence on the optical 
confinement factor. We demonstrate that the steady state saturation of the amplifier 
is merely caused by a reduced carrier density. The spectral measurements show no 
presence of nonlinear effects like carrier heating or spectral hole burning that 
contribute to the steady state saturation of the device. 
In chapter 5, we present time-resolved measurements of the edge-emitted 
amplified spontaneous emission spectra of the SOA. These emission spectra exhibit 
a very strong and fast (~1 ps) response to the injection of intense optical pulses, 
which demonstrates that the carrier dynamics in the active layer take place on a 
picosecond timescale. The rapid decline is caused by the combined effect of 
stimulated emission induced carrier density depletion and carrier heating. The 
recovery of the ASE signal takes place in a two-step process. First, we see a rapid 
recovery (2.6 ps) to an intermediate level due to cooling of the carriers, which is 
followed by a relatively slow recovery (900 ps) to the initial level due to 
replenishment of the carrier density from the external bias current. From the line 
shape analysis, we conclude that the observations are described by an increase of 
effective temperature by 60 K and a decrease of the carrier density by 10%. The 
spectral behavior is explained in more detail by an evaluation of the electron and 
hole occupation numbers.  
Finally, chapter 6 describes direct measurements of the gain dynamics in the 
SOA. In these time-resolved gain cross talk experiments a continuous wave laser is 
used to probe the response of the amplifier gain to injection of optical pulses in the 
wave guide. From the measurements, absolute values of the optical pulse induced 
gain changes are obtained. The optical pulses induce a very strong (700 cm-1) and 
fast (~1 ps) collapse of the gain in a broad energy range. Stimulated recombination 
heating and carrier density depletion contribute equally to the total gain 
suppression. By modeling the experiments, we find that effective temperature rises 
by 45 K and that the carrier density decreases by 4∙1017 cm-3. We show an example 
of the application of gain cross talk in SOAs for optical wavelength conversion, 
which is useful for all-optical signal processing. 
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In conclusion, the picosecond transients in the both the ASE spectral intensity 
and the amplifier gain demonstrate that the modulation speed of laser diodes and 
SOAs can potentially be extended to the 100 GHz range. However, utilizing the fast 
effective temperature related dynamics for high-speed modulation requires 
independent control of both the carrier injection rate and energy of the carriers. 
The technical realization of this idea demands innovative device designs and forms a 
challenge for future research. 
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Samenvatting 
De ontwikkeling van direct gemoduleerde picoseconde laser diodes kan de 
volgende stap betekenen voor het verder vergroten van de capaciteit van optische 
communicatie systemen voor de lange afstand. Van oudsher worden laser diodes 
gemoduleerd door de injectie stroom te variëren. De lichtopbrengst van de diode is 
gerelateerd aan de van de injectiestroom afhankelijke ladingsdragersdichtheid. De 
snelheid van dit proces wordt beperkt door de relatief lange levensduur (~1 ns) van 
de ladingsdragers. In dit proefschrift volgen we een andere aanpak: we 
onderzoeken de mogelijkheden en beperkingen van het benutten van de interne 
dynamica, die gerelateerd is aan veranderingen in de temperatuur van de 
ladingsdragers en die plaats kunnen vinden op veel kortere tijdschalen, om de 
modulatie snelheid van laser diodes te verschuiven naar het picoseconde domein.  
Dit proefschrift beschrijft optische experimenten aan laser diodes, die voorzien 
zijn van een antireflectie coating. Deze diodes worden ook wel halfgeleider optische 
versterkers genoemd. Naast het belang als bouwsteen voor optische communicatie 
systemen, biedt het gebruik van halfgeleider optische versterkers het voordeel dat 
deze componenten het mogelijk maken om versterkte spontane emissie spectra te 
meten zonder dat deze verstoord worden door interferentie effecten of mode 
patronen. Hierdoor kunnen deze spectra gebruikt worden om de eigenschappen 
van de ladingsdragersverdelingen in de diode te bepalen. In de experimenten 
worden zeer korte optische pulsen (1 ps) ingekoppeld in de golfpijp van de 
halfgeleider optische versterker, waardoor er interacties tussen de ladingsdragers en 
de fotonen optreden, die vergelijkbaar zijn met de processen in echte laser diodes. 
Door toepassing van de foto-luminescentie op-conversie techniek kunnen we, 
spectraal opgelost, de optische gestuurde veranderingen van de ladingsdragers-
verdeling en daardoor de ladingsdragersdynamica bestuderen met picoseconde 
tijdsresolutie.  
In hoofdstuk 1 geven we een korte historische beschouwing over enkele 
belangrijke aspecten van optische communicatie en lichten we de motivatie voor dit 
onderzoek nader toe. In hoofstuk 2 introduceren we de theoretische uitdrukkingen 
voor spontane emissie, gestimuleerde emissie en optische versterking in 
halfgeleiders, die gebruikt worden voor de analyse en de interpretatie van de 
experimentele emissie en versterkingsspectra. We bespreken in het kort de 
geldigheid van de modellen die gebruikt worden voor de analyse van de spectrale 
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lijnvorm van de versterkte spontane emissie spectra. We beargumenteren dat een 
eenvoudig band naar band recombinatie model zonder k-behoud bevredigende 
resultaten geeft voor het beschrijven van de spectrale lijnvorm en dat dit model een 
praktische methode biedt om trends in het gedrag van de ladingsdragersdichtheid 
en de effectieve temperatuur af te leiden. Echter voor een correct begrip van de 
fysische oorsprong van de optisch gestuurde spectrale veranderingen moet 
impulsbehoud in rekening gebracht worden.  
Een gedetailleerde beschrijving van de experimentele technieken en procedures 
wordt gepresenteerd in hoofdstuk 3. We introduceren eerst de halfgeleider optische 
versterker en bespreken de excitatie methode. In de navolgende paragrafen leggen 
we de van achtergrondruis vrije detectie methode uit en gaan we gedetailleerd in op 
de op-conversie techniek en de experimentele opstelling, die gebruikt wordt om de 
versterkte spontane emissie en versterkingsspectra te meten met picoseconde 
tijdsresolutie.  
In de experimenten uit hoofdstuk 4 wordt een in golflengte verstelbare 
continue laser gebruikt om de spectrale respons van de halfgeleider optische 
versterker in de stabiele situatie te meten. We laten zien dat de respons van de 
spectrale versterkte spontane emissie intensiteit gerelateerd is aan intrinsieke 
eigenschappen van de versterker, zoals het versterkingsprofiel en de optische 
opsluitingsfactor. We tonen aan dat de verzadiging van de versterker louter 
veroorzaakt wordt door het afnemen van de ladingsdragersdichtheid. In de 
spectrale metingen is geen teken van de bijdrage van niet-lineaire effecten, zoals de 
opwarming van de ladingsdragers of het optreden van een gat in de spectrale 
ladingsdragersverdeling, aan de verzadiging zichtbaar.  
In hoofdstuk 5 presenteren we tijdsopgeloste metingen van de versterkte 
spontane emissie spectra van de halfgeleider optische versterker. Deze spontane 
emissie spectra laten een zeer sterke en snelle (~1 ps) respons zien op het 
inkoppelen van intense optische pulsen. Dit toont aan dat de ladingsdragers-
dynamica in de actieve laag zich afspeelt op picoseconde tijdschaal. De snelle 
afname wordt veroorzaakt door het gecombineerde effect van de door 
gestimuleerde emissie veroorzaakte sterke reductie van de ladingsdragersdichtheid 
en de opwarming van de ladingsdragers. Het herstel van het versterkte spontane 
emissie signaal verloopt in twee stappen. Het eerste, snelle, gedeeltelijke herstel 
(2.6 ps) is te wijten aan het afkoelen van de ladingsdragers. Hierop volgt een relatief 
langzaam herstel (900 ps) naar het oorspronkelijke niveau tengevolge van het 
aanvullen van ladingsdragersdichtheid uit de externe stuurstroom. Op basis van 
een analyse van de spectrale lijnvorm concluderen we dat de waarnemingen 
kunnen worden beschreven door een verhoging van de effectieve temperatuur met 
60 K en een afname van de ladingsdragersdichtheid met 10%. Het spectrale gedrag 
wordt in meer detail verklaard aan de hand van een gedetailleerde evaluatie van de 
bezettingsgraad van de electronen en gaten.  
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Tenslotte beschrijft hoofdstuk 6 directe metingen van de versterkingsdynamica 
in de halfgeleider optische versterker. In deze tijdsopgeloste experimenten van 
overspraak in de versterking gebruiken we een continue laser om de respons van de 
versterking op het inkoppelen van optische pulsen in de golfpijp te meten. Uit deze 
metingen kunnen we de absolute waarde van de door de optische pulsen 
veroorzaakte veranderingen van de versterking bepalen. De optische pulsen 
veroorzaken een zeer sterk (700 cm-1) en snel (1 ps) instorten van de versterking 
over een groot golflengte gebied. Gestimuleerde recombinatie opwarming en 
reductie  van de ladingsdragersdichtheid dragen in gelijke mate bij aan de totale 
afname van de versterking. Uit het modelleren van de experimenten vinden we dat 
de effectieve temperatuur stijgt met 45 K en dat de ladingsdragersdichtheid 
afneemt met 4∙1017 cm-3. We geven een voorbeeld van een toepassing van 
overspraak in halfgeleider optische versterkers voor optische golflengte conversie, 
die waardevol is voor geheel optische signaal verwerking. 
Ter conclusie, de veranderingen op picoseconde tijdschaal in zowel de 
versterkte spontane emissie specta als in de versterking tonen aan dat de modulatie 
snelheid van laser diodes in potentie verlegd kan worden naar het 100 GHz bereik. 
Echter het benutten van de aan de effectieve temperatuur gerelateerde dynamica 
voor zeer snelle modulatie, vereist onafhankelijke controle over zowel de snelheid 
van de toevoer van de ladingsdragers als over de energie van de ladingsdragers. De 
technische realisatie van dit idee vraagt een innovatief ontwerp van de diode en 
vormt een uitdaging voor toekomstig onderzoek. 
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